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ABSTRACT
This thesis covers initial concepts for a Cross-Laminated Timber house made to resist EF 3 tornado wind 
pressures.  At the time of writing, it is believed this is the first study to consider using CLT to make a tornado 
resistant house.  Going through analytical approaches in conjunction with ASCE 7-16, NDS 15, and PRG-
320, this research hopes to lay groundwork for future research into the feasibility of such a house design at 
larger sizes and faster tornadoes.  Because it is rather difficult to test experimentally how these structures will 
behave in tornadoes directly, a Mathcad sheet was created that gives quantified information into the 
performance of the CLT house.  A 640 ft2 house was used as this is an early attempt and the process to 
calculate the capacities and loads was demonstrated throughout the body of this thesis with procedures to 
make edits for other sizes and tornado categories.  In the appendices are CAD drawings; calculations; some 
suggestions for further research including a different configurations, larger homes, and faster tornadoes; a 
cost analysis; and a hypothetical fragility curve.  The short-term goal is to provide the design process for a 
single house, and the long-term goal is to eventually have a community of tornado resistant homes.  For right 
now though, this thesis focuses on providing a single home, with the appendices hinting at the long-term 
goal.   
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The two states I was raised in, Mississippi and Tennessee, are two of most deadly states for tornadoes as will 
be shown later.  When I was a freshman in my undergraduate studies, a tornado ripped through a town near 
me, and I went with a group of students and church members to help clean up the damage.  The tornado killed 
10 people and destroyed many homes and even some factories in the local area.  Several of the victims were 
found hundreds of yards away from their homes and some debris was carried thirty miles away.  While I 
personally have not known anyone who has lost their life in a tornado, I got to see the repercussions tolled 
on a community and seek with this research to begin paving a way for homes that better resist tornadoes.   
Being from the South, I have seen timber most of my life, and the new mass-timber revolution is poised to 
take the South by storm with the South’s cost-effective economy, growing population, and vast forested 
lands.  While an undergraduate, I took a wood design class and attended a mass-timber assembly with 
architects and engineers on campus that began my interest in mass-timber.  Steel and concrete, while certainly 
advantageous in many respects, are not without restrictions, and mass-timber can help mitigate those 
limitations.  With CLT being so new, its possibilities are still being explored, making it an exciting topic to 
study. 
With the South being set for a large mass-timber boom as well as being the new epicenter for tornado 
fatalities, why not research a possible solution for a dilemma while researching the possible applications for 
a new material?  I hope this research provides the necessary steps to further research in both tornado-




“There arose a sudden gust at N.W.  so violent for half an hour as it blew down multitudes of trees…” 
-John Winthrop, July 5th, 1643 
These are the words penned in the diary of the governor of the Massachusetts Bay Colony John Winthrop to 
describe possibly the first recorded tornado in what would later become the United States.  Smaller and faster 
members of the cyclone family, tornadoes come with almost no warning and ravage everything in their path, 
leaving any surviving victims in mourning and destitution.  Through millennia of engineering and 
meteorology, we have not found a way to dissipate these disasters, and while engineers have developed tactics 
to protect ourselves, tornadoes still claim lives by the hundreds.   
Reasons tornadoes kill so many people range from difficulty in their prediction to the populace’s focus on 
other disasters and perhaps ill-preparedness to infrastructural inadequacies.  Most tornado fatalities occur in 
residential houses, directing the observant and concerned engineer’s attention to better equip residential 
infrastructure to resist the blitzkrieg wind forces brought on by the tornado (National Oceanic and 
Atmospheric Administration, 2019), (Ashley, 2007).  It has been shown that concrete domes have withstood 
tornadoes very well (Parker, 2011), but can people be content to live in concrete domes?  They are not 
housing, but rather more like disaster bunkers reminiscent of the emergency nuclear-fallout house trope or 
colony shelters on other planets from science fiction.  A home must have character, be intimate, and thrive 
in peace-time.   
  
Figure 1.  A successful concrete dome in the wake of a tornado (Hildebrand, 2017) 
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Meanwhile, a newer mass-timber solution, CLT (Cross-Laminated Timber), is revolutionizing the way the 
AEC (Architecture, Engineering, and Construction) industry thinks about buildings.  Being made from 
prefabricated panels, CLT structures can be made from instructions like a large Lego set, allowing more 
planning beforehand and saving significant time during the construction phase.  Its panelized nature makes 
it versatile as roofs, walls, floors, or architectural features, while also providing more strength than traditional 
light-frame methods.  CLT’s structure is also made from sawn lumber arranged in a crisscross pattern to 
minimize swelling and shrinkage as well as providing strength in two directions (Karacabeyli, Erol; Douglas, 
Brad; Forest Products Laboratory (U.S.); FPInnovations (Institute); Binational Softwood Lumber Council, 
2013).  Perhaps a house can be made from CLT to better resist tornadoes, providing a compromise between 
the invincible post-apocalyptic/sci-fi concrete dome and the ill-prepared intimate light-frame house common 
across today’s Suburbia. 
 
Figure 2.  CLT layout (Laguarda-Mallo & Espinoza, 2014) 
While safe rooms, essentially bunkers made to withstand tornadoes, are in practice, they are no help if the 
residents in a house are asleep during a tornado, or if the safe room (seemingly inevitably) becomes a storage 
closet for Christmas decorations or seasonal clothing (if a tornado is racing through a neighborhood, is there 
enough time to empty out the safe room?).  Could not the solution be the house itself?  What if a better 
designed and built house could be an answer to limiting the mortality brought on by tornadoes?  What if the 
entire house was a “safe room?”  
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This research explores the possibility of a CLT house being made into a safe room.  Because it is believed 
that no other study into making a CLT tornado resistant home has been done, this research looks at what a 
house must do in order to be tornado resistant.  The research uses analytical models common in engineering, 
rather than experimental data for the following reasons: first, analytical models are generally easier to follow 
and can often be more conservative, next, this is a preliminary effort in the world of CLT tornado resistance 
(before experimentation can commence, analysis needs to be done to determine an optimum design to test), 
and finally, and perhaps most importantly, it is very difficult to experimentally test a tornado resistant 
structure made from large expensive materials in a short span of two years.  If testing were to be done, first, 
several of these structures need to be built, and then placed within the path of a tornado (or to save a step, 
they could be built in the path of a tornado), then results need to be gathered.  Obviously, such a process is 
not feasible within two years.  A wind tunnel might be more accurate, but as this is a material-focused and 
not a geometric-only research project and CLT cannot be turned into smaller models effectively (yet), the 
wind tunnel idea will not work (yet).  It is simply not practical to test such a solution at this stage in the 
research.  As such, analytical analysis will be used throughout the research. 
The goal in the short term is to create a design guide for an example of a very simple house that readers can 
follow and develop ideas of their own.  The goal in the long term is to eventually have entire neighborhoods 
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Chapter 1: Tornadoes 
Objective: To provide a background in understanding tornadoes, specifically: how they are formed, the 
damage they cause, current efforts against them, and how these affect resistance design. 
 
1. Nature of tornadoes        7 
The formation and other physical information concerning tornadoes. 
 
2. Tornado’s havoc         8 
The loss of life caused by tornadoes. 
 
3. Combative Efforts        11 
Current resistance measures against tornadoes in design. 
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1. Nature of tornadoes 
The formation and other physical information concerning tornadoes. 
Tornadoes are generally on the smaller scale of cyclones found in nature just a notch above dust devils 
(Orlanski, 1975).  But what tornadoes lack in size, they compensate in speed, reaching up to a couple hundred 
miles an hour, allowing them to cover long distances over a short period of time (Edwards, 2006).  For 
instance, a 10 second tornado at 100 mph can travel a little over a quarter of a mile, or the equivalent of four 
football fields!  Their small and compact size also allows them to spawn quickly and with very little notice, 
adding to their destruction.  Unlike hurricanes, whose arrival is predicted weeks in advance, a supercell 
thunderstorm that breeds tornadoes can be predicted at most a few days out, and the alarm of a tornado often 
comes too late for local evacuation (Edwards, 2006). 
Supercell thunderstorms are very large storms that bring heavy rain, lightning, sometimes hail, and 
occasionally tornadoes.  The warm and cold weather meet, creating a roll with an axis stretching over the 
ground of internal pressure differences and wind.  This allows the hotter air to roll upwards and the cooler to 
roll downwards.  But in some cases, the heat from the earth’s surface rises into the roll.  The cylinder is then 
bowed upward until its axis is perpendicular to the ground.  The cyclonic forces lose attachment to the mother 
storm, begetting the tornado that begins roaming the ground, ravaging whatever is in its path (Howard, 2015) 
as displayed in Figure 3. 
 
Figure 3.  How tornadoes are formed (eSchool Today, n.d.) 
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2. Tornado’s havoc 
The loss of life caused by tornadoes. 
It is no surprise that tornadoes kill many Americans every year.  Table 1 shows the fatalities caused by 
tornadoes between 1880 and 2005 compiled by Walker Ashley, tornadoes between 1991 and 2018 compiled 
from NOAA SPC, and the percent increase in national share of tornadoes by state and region between the 
two periods observed (Ashley, 2007) (National Oceanic and Atmospheric Administration, 2019). 
 
Table 1.  Tornado fatalities between 1880-2005 (Ashley, 2007) and 1991-2018 (National Oceanic and 


























Increase in % 
of National
Increase in % 
of National
IL 1169 38.8% 6.2% 43 31.6% 2.2% -64.7%
IN 723 24.0% 3.9% 52 38.2% 2.7% -31.1%
MI 354 11.7% 1.9% 6 4.4% 0.3% -83.8%
OH 357 11.8% 1.9% 22 16.2% 1.1% -40.9%
WI 411 13.6% 2.2% 13 9.6% 0.7% -69.7%
DE 4 1.1% 0.0% 0 0.0% 0.0% -100.0%
MD 48 13.4% 0.3% 7 38.9% 0.4% 39.8%
PA 189 52.9% 1.0% 10 55.6% 0.5% -49.3%
WV 116 32.5% 0.6% 1 5.6% 0.1% -91.7%
AZ 3 5.6% 0.0% 0 0.0% 0.0% -100.0%
CO 32 59.3% 0.2% 3 30.0% 0.2% -10.2%
ID 2 3.7% 0.0% 0 0.0% 0.0% -100.0%
MT 5 9.3% 0.0% 2 20.0% 0.1% 283.3%
NM 4 7.4% 0.0% 2 20.0% 0.1% 379.2%
UT 1 1.9% 0.0% 1 10.0% 0.1% 858.4%
WY 7 13.0% 0.0% 2 20.0% 0.1% 173.8%
CT 4 2.3% 0.0% 0 0.0% 0.0% -100.0%
MA 116 67.1% 0.6% 6 37.5% 0.3% -50.4%
ME 2 1.2% 0.0% 0 0.0% 0.0% -100.0%
NH 5 2.9% 0.0% 1 6.3% 0.1% 91.7%
NJ 14 8.1% 0.1% 1 6.3% 0.1% -31.5%
NY 32 18.5% 0.2% 8 50.0% 0.4% 139.6%
AL 1440 17.3% 7.7% 384 32.4% 19.7% 155.6%
AR 1488 17.9% 7.9% 122 10.3% 6.2% -21.4%
FL 179 2.2% 1.0% 92 7.8% 4.7% 392.6%
GA 1070 12.9% 5.7% 131 11.0% 6.7% 17.3%
KY 467 5.6% 2.5% 45 3.8% 2.3% -7.7%
LA 715 8.6% 3.8% 34 2.9% 1.7% -54.4%
MS 1672 20.1% 8.9% 122 10.3% 6.2% -30.1%
NC 198 2.4% 1.1% 48 4.0% 2.5% 132.3%
SC 305 3.7% 1.6% 13 1.1% 0.7% -59.2%
TN 711 8.6% 3.8% 178 15.0% 9.1% 139.9%
VA 70 0.8% 0.4% 17 1.4% 0.9% 132.7%
IA 592 8.7% 3.2% 23 3.9% 1.2% -62.8%
KS 696 10.2% 3.7% 57 9.7% 2.9% -21.5%
MN 493 7.3% 2.6% 16 2.7% 0.8% -68.9%
MO 1402 20.6% 7.5% 245 41.7% 12.5% 67.5%
ND 81 1.2% 0.4% 4 0.7% 0.2% -52.7%
NE 279 4.1% 1.5% 5 0.9% 0.3% -82.8%
OK 1333 19.6% 7.1% 132 22.5% 6.8% -5.1%
SD 104 1.5% 0.6% 7 1.2% 0.4% -35.5%
TX 1812 26.7% 9.7% 98 16.7% 5.0% -48.2%
OR 6 50.0% 0.0% 0 NA 0.0% -100.0%
WA 6 50.0% 0.0% 0 NA 0.0% -100.0%
-100.0%West 
Coast




6792 36.3% 587 30.1% -17.2%
South
8315 44.4% 1186 60.7%
77.5%
Northeast
173 0.9% 16 0.8% -11.4%
Mountain




357 1.9% 18 0.9% -51.7%
Eastern 
Midwest
3014 16.1% 18717 136 0.7% 1953
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This translates to almost 150 deaths per year throughout the 125-year period.  It should be noted that for a 
long time in this period (up to 1950), broadcasters and meteorologists were not even allowed to mention the 
word “tornado” as doing so would invoke mass panic (Coleman, Knupp, Spann, Elliott, & Peters, 2011).  
During this era, not properly warning people may have ironically raised the death toll, contributing to the 
high casualties.  According to NOAA SPC (National Oceanographic and Atmospheric Administration Storm 
Prediction Center) (National Oceanic and Atmospheric Administration, 2019), which gives annual statistics 
for killer tornadoes back to 1991, the average over the last 20 years for tornado fatalities has dropped to a 
under 75 per year, about half of the average Ashley (Ashley, 2007).  While this means we as a people are 
taking strides to limit fatalities, we are not to where tornado fatalities are curtailed completely.  Still, 75 
people per year, people who have lives and families and friends, are becoming victims to these menacing 
cyclones.  In the year 2011 alone, over 500 people died in tornado outbreaks (National Oceanic and 
Atmospheric Administration, 2019).  On top of this, most tornado fatalities occur in homes as shown in 
Figure 4: 
 
Figure 4.  Tornado fatalities and percentage of tornado deaths in homes between 1991-2018 (National 
Oceanic and Atmospheric Administration, 2019) 
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In the graph it should be noted that only one of two of the last 28 years (1991 and 2018) saw more tornado 
deaths outside of homes than in homes, and on average, 73.4% of deaths are caused within homes (1433 out 
of 1953).  If a house could be developed that eradicated all tornado deaths occurring in homes, that would 
save over 1400 lives in that span (51 people a year), and would also truncate the common ramifications of 
natural disasters: injuries, property loss, recovery burden on a town, etc.   
One could (and certainly many have) spent entire papers on tallying tornado deaths and their causes.  
However, this thesis focuses primarily on a potential solution and so these statistics are only present to convey 
the sense of tragedy that this research hopes to take closer steps to ending.   
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3. Combative Efforts 
Current resistance measures against tornadoes in design. 
The limiting of tornado fatalities should not be approached the same way as that of the tornado’s bigger 
sibling, the hurricane.  Evacuations for hurricanes are common, and structures must endure slower, more 
straight-line, yet longer wind loads as well as flooding, unlike the blitzkrieg impact loading from a tornado. 
As mentioned in the introduction, concrete domes have already been shown to resist tornadoes (Parker, 2011), 
but are they truly habitable, in the sense that people want to live in concrete dome?  Can a real estate 
developer, contractor, construction crew, engineer, and architect, mass produce concrete domes across 
suburbia for the average American to call home?  Human beings need space, sunlight, warmth, and many 
other qualities which a closed concrete dome cannot provide, otherwise everyone would be living in a 
concrete dome.  Their circular shape does provide the necessary aerodynamics and the concrete provides a 
heavy mass which makes separation from the ground difficult, but perhaps there is another way to make a 
house that withstands tornadoes in a more gemütlichkeit1 manner.  Maybe a typical suburban family dwelling 
can be made to resist tornadoes. 
The Safe Room concept is perhaps the best combatant against tornadoes in wide practice today, but this 
solution too has shortcomings.  If the residents of a house can sleep through a tornado, then the safe room 
does no good.  If they happen to wake up, it is very easy to do the quick calculation that the odds of being hit 
are drastically low, and so walking to get in the safe room is a waste of energy and time, particularly if the 
bed is comfortable.  Perhaps more of a limitation though is that the safe room inevitably ends up as a storage 
room.  The probability of having not enough room for storage greatly exceeds the probability that a tornado 
hits.  It can then become difficult to empty the safe room before the short-warned tornado crosses paths with 
the house. 
                                                          
1 Gemütlichkeit is a German word that has no direct translation into English, but is closely translated to 
coziness, warmth, familiarity, comfort, and other desirable traits a home should possess.  The purpose of its 
inclusion is to further assert that houses are to be homes. 
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Chapter 2: CLT 
Objective: To better understand and provide background for Cross-Laminated Timber (CLT), specifically: 
its basic properties, current applications, and potential for tornado resistance. 
 
1. Basic Properties         13 
An explanation of what CLT is. 
 
2. Applications         14 
How CLT is used today. 
 
3. Potential         15 
The potential CLT has in wind resistance. 
13 
 
1. Basic Properties 
An explanation of what CLT is. 
As mentioned earlier, CLT is a groundbreaking material, with remarkable building efficiency, a sense of 
human familiarity, and limits that are still being explored.  It is growing in popularity throughout central 
Europe, the British Isles, Canada, and the Northwestern US, with projects ranging from small-scale 
commercial, dormitories, and recreation areas that are already local if not regional icons (Environment 
Analyst, 2018).  To build a structure out of CLT is to follow instructions, as the panels come with a 
prefabricated system of holes, each with a designated location.  This manufactured system allows for 
immense efficiency, as the construction site is now a very large-scale bed room with pieces from a Lego set, 
rather than microscale elements. 
The fact that CLT is made from wood adds to it a connection that makes it almost intimate.  When a CLT 
structure is complete, people want to feel the wooden walls and hug the columns (Chung, 2017).  There is 
something about wood that calls to our inward selves, whether that be the inner farmer, educator, scientist, 
warrior, or explorer.  The most widely read book, the Bible, begins with mankind living in a vast forested 
garden and later being cast out for disobeying God (The Holy Bible: English Standard Version, 2011).  
Japanese carpentry is revered around the world, and the Japanese so valued wood that they made their temples 
without nails, screws, or bolts, and with such craft and precision that they make up the oldest wooden 
buildings still standing today (Cohen, McKay, Brock, & Raymond, 1996).  Medieval cathedrals were built 
to emulate forests with their branching vaults, stained glass windows resembling sunlight through the trees, 
and organ noises mimicking wind rustling through woods (Kinney, 1900), (Green, 1920).  The most sought 
household furniture is made from wood costing more than similar furniture made from steel or plastic.  Even 
today in our modern technologically advanced society, many people will pay a significant sum of money to 
camp in the woods instead of staying at home as they normally would (The Coleman Company; Outdoor 
Foundation, 2016).  Higher end architecture across residential and commercial sectors are marked by the 
amount of wood visible.  It is something human beings crave.  It is organic.  It has a story.  And CLT allows 




How CLT is used today. 
CLT is finding its niche currently in the low-rise commercial sector but is gaining popularity in the mid-rise 
sector as well.  It is being implemented in structural systems for mixed residential, retail, recreation, and 
other similar areas of the industry.  There are several studies being conducted int the feasibility of taller mass 
timber buildings, and the big talk in the mass timber community is persistently on when the tallest wood 
building record will be broken next.   
Around the country, tests and experiments are being run on CLT, from debris impact to diagram shearing to 
resonance for tall buildings (Clemson University Wood Utilization + Design Institute, 2019).  CLT, being a 
new solution, has so many possibilities, many of which are still unknown.  So why should a tornado house 
designed from CLT at least not be attempted?  Since CLT is a solid panel typically equipped with a sort of 
cladding system, more aerodynamic façades may be used more easily than on studs of traditional framing.  It 
being significantly heavier than typical framing makes it more difficult to be lifted off the ground as well as 
more difficult to move the walls and roof.  Finally, creating such a design will help lead the way for more 




The potential CLT has in wind resistance. 
Because tornadoes in the South claim more deaths than tornadoes from any other region in the nation, it 
should not be absurd to use the abundant forests of the South to fuel a solution to truncate these fatalities 
(Ashley, 2007), (U.S. Forest Service, 2014).  SYP (Southern Yellow Pine) is not commonly used in CLT, 
yet with a plant opening at the time of writing this in southern Alabama, there is a large potential to use SYP 
more frequently.  SYP is a wood with a very long history of use and is currently the most widely used wood 
in the country for traditional framing (Dunn, Chupe, & Vlosky, 2003).  In Figure 5 below, the South is full 
of forested land, particularly pine, setting it ready for a CLT boom in construction.  The orange, red, dark 
red, and yellow shaded regions represent areas of different varieties of Southern Pine. 
 
Figure 5.  Forested land in the South (Vanderbilt University, 2014) 
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Chapter 3: Design Process and Results 
Objective: To develop a process for designing a single example of a CLT tornado-resistant home, 
specifically: using current standards and practices to provide a demonstration of how a house could be 
designed with assumptions provided.  Note that this is just one example of how a CLT tornado house may 
be designed and any deviations can be designed with appropriate changes accordingly.   
 
1.  Overview          17
Overview of process, numerical data, and other general information pertaining to 
this chapter. 
 
2.  Structure Concepts         19 
Setting guidelines for the structure that will be used throughout the rest of Chapter 
3: Design Process and Results. 
 
3.  Calculating the wind pressures        30 
Using ASCE 7-16 wind procedures to find the wind pressures acting on the 
building with updated tornado parameters from the commentary. 
 
4.  Structural Responses         42 




1. Overview  
Overview of process, numerical data, and other general information pertaining to 
this chapter. 
To start, this is only an example to display how one might go about designing their own version of a tornado-
resistant CLT house.  This is not a standard that mandates that all CLT tornado-resistant houses should be 
designed exactly like this.  This chapter is broken up into three main sections following this overview: 
Determining the architecture of the structure, determining the wind loads acting on the structure, and 
determining the structural responses to those wind loads.   
The architecture of the structure goes over some guidelines to be set early on that will govern how decisions 
are made throughout the wind loads and structural responses sections.  The wind loads follow ASCE 7-16 
Chapters 26 and 27 on determining the wind loads with updated guidelines for tornadoes.  Finally, the 
structural responses section covers a comparison of the capacities and loads acting the various CLT members 
as well as a calculation of loads acting on the connections. 
The limit states for the members will be bending, out-of-plane shear (referred to here as horizontal shear but 
is elsewhere sometimes referenced as vertical shear depending on orientation), rolling shear, and deflection 
(although this is not a limit state, it will still be calculated, though this category is not as stringent as the 
others).  The loads on the connections looks only at the loads, and does not suggest an actual connection to 
use, as some of the loads might exceed current commercial connectors, or the reader might have business 
partnerships with other connection companies than the author.  Because connectors are not being specified, 
neither are the details going to be specified, and so all the connections will simply be shown in pictures as 
two solids meeting, and details and connections specifics must be done according to the connectors being 
used.   
1.1. Note on numerical values. 
For the purposes of consistency, calculated numbers will use three significant figures, and when present in 
tables, they will go to two decimal places.  It is up to the reader to use judgement on how precise these 
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numbers should be.  For instance, if a table presents a load as being 132.87 lbs, the reader should say it is 
around 130 lbs or 133 lbs, not 132.9, and not 100.  Because different people have different levels of specificity 
desired, the numbers are presented in a consistent manner.  The reason for the specificity on table is simply 
that Excel defaults to these values.  Of course, one simply could go through and manually edit each individual 
cell’s number of significant figures being used, but as mentioned earlier, different people have different 
desired levels of specificity.  It should be noted as a warning, that both wood and wind are not very accurate 
in terms of determining exact values.  Steel, for example, has a very steep curve on a normal distribution 
graph of strength values, as opposed to wood that has a very gentle curve.  Wind as well, is very hard to 
predict with extreme accuracy, and so the values mentioned throughout should be taken with caution and 
should be taken as analytical driven and not expected to be so precise for real-world application.   
Following this precision discussion.  It should be noted that the calculations are performed on a MathCAD 
sheet which keeps track of insignificant figures, and so some of the calculations which involve several 
previously calculated numbers in this write-up may differ slightly than a direct calculator punch of numbers 
presented here. 
1.2. Notes on loads 
Finally, this is a thesis that covers wind resistance specifically.  It is assumed that snow, rain, seismic, fire, 
moisture, and other related factors are taken care of.  What follows is mainly focusing on the CLT shell itself 
and the loads and not necessarily the details.  It is assumed the façade will be designed separately with 
moisture, fiber protection, insulation, and other such factors already considered.  The two main load 
combinations considered are 3.  (1.2D + 1.6 (Lr or S or R) +  (L or 0.5 W)) and 5.  (0.9D + 1.0W) (American 
Society of Civil Engineers, 2017); for load combination 3., the snow, rain, or roof live loads will need to be 
changed accordingly when applicable as they are outside the focus of this thesis.  Since this research is 
looking at extreme winds (tornado) as well as regular conditions (gravity), the wind is covered in Load 
Combination 5., which gives the highest load from the tornado.  In the gravity condition, only the dead load 
and the live roof load are mentioned as whatever the wind load would be would lessen the load calculated, 
and we are trying to find the most severe loads the structure should be expected to withstand. 
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2. Structure Concepts 
Setting guidelines for the structure that will be used throughout the rest 
of Chapter 3: Design Process and Results. 
 
2.1.  Design Imperatives        20 
Guidelines set for this particular example. 
 
2.2.  Form          21 




2.1. Design Imperatives 
Guidelines set for this particular example 
 
In order to design the structure, rules must be made.  Since this is design though, the concept must be flexible 
enough to accommodate change.  A list of imperatives to follow are: 
1. 3-Ply: This is for residential construction.  These are not large structures with hundreds or thousands 
of occupants, and the idea is for them to be bought by families or individuals, not corporations.  As 
such, a smaller panel will be needed and worked with in order to prevent the structure from 
becoming too cumbersome.  This is a preliminary design for tornado-proof housing.  Once this 
design is finished and engineers and architects start making improvements and advancing the design, 
a wider array of CLT varieties may be looked at.  Following that idea, if this concept can work with 
a 3-ply system, a 5-ply system would also work. 
2. The design will be for EF-3: The EF Scale (Enhanced Fujita Scale) measures the tornado’s speed 
and may be interpreted as its ability to cause damage and loss of life.  The scale goes up to EF-5, 
though these are exceedingly rare.  EF-4’s as well are very uncommon.  EF-2’s are, of course, more 
common, but are also not far outside common design standards.  EF-3’s appear to be rarely designed 
for but seem to be a worthy goal for such a preliminary effort in research.  And so, this design will 
be focused on EF-3.  EF-4 and EF-5 loads will be applied to see how the structure reacts, but only 
as a record and not as a design focus in the appendices.   
3. Exterior structure: While internal walls would certainly strengthen the house, adding structural walls 
for internal walls convolutes and complicates the design beyond the scope of simply laying 
groundwork for future research.  In addition, CLT walls in the interior might hinder any advantage 
of a cost or loss-curve analyses.   
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2.2. Form  
The form of the building 
 
2.2.1.  Size         22 
 
2.2.2.  Windows         25 
 





Because this is one of the first (maybe the first) design of its kind, simplicity will be a major focus.  Houses 
today may comprise of porches, decks, ells, bonus rooms, garages, bay windows, sun rooms, basements, 
attics, multi-gabled roofs, additional “mother-in-law-suites”, port cocheres, etc.  All of that is much too 
complicated for such a preliminary design.  When residential construction first started at the dawn of 
civilization, all the houses were simple, box-like, and functional.  Even in this country a few hundred years 
ago, log cabins and brick farmhouses alike were rectangular except in the case of the affluent.  And so, the 
CLT structure will be a box. 
A proper box size first must be determined.  Because this is an early design, it does not need to be big.  
Looking through some manufactured house designs (functional, rectangular, similar size), a design was 
selected that makes a 16’ x 40’ box.  Below in Figure 6 and Figure 7 are a picture of the preliminary box and 
the floorplan that inspired the design.  A height was selected at 9’ to be adequate for a story and allowing 
ductwork and ceiling work to be done. 
 




Figure 7.  Floorplan for inspiration (Factory Select Homes, 2019) 
However, there are almost no flat roofs in residential design in this country.  With snow loads and rain loads 
too heavy across the eastern and northwestern sections of the country, gabled roofs are far more common and 
practical.  From what appears to be typical, a common slope is between 4” and 9” in height for every 12” run 
horizontally2.  To make things easy, 6”/12” or 6” rise for every foot of horizontal length will be used (or a 
26.60 roof slope).  It is easier to put the gable parallel to the long direction, and so Figure 8 shows the box 
with a gabled roof: 
 
Figure 8.  The box with a gable roof 
                                                          
2 I cannot seem to find an origin of this practice, but it very likely may have just developed from multiple 
sources through repetitive practice and may vary significantly on location. 
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It looks like a house!  At least in a very simple way.  There are, however, no windows or doors, so it is just 
an enclosed block. 
Alternatively, a mono-slope roof could be chosen, however, for the purposes of trying to develop a house 
that best meets the typical aesthetic, a gable roof was chosen.  If a mono-sloped roof were chosen, note that 




Windows are a major factor in tornado design.  Glass is not as strong as a material as wood, masonry, steel, 
or concrete, meaning it is more susceptible to failure in a tornado.  In the typical image of a Great Plains 
house with a tornado approaching, the residents put shutters over the windows and run into the basement.  
Because there is not ample literature to predict how CLT panels perform with holes for windows and doors, 
calculations will be done as if the panels were solid or adequately shuttered3.  Because we do not want to 
have a house without windows though, for the purpose of aesthetics and future research, we will add 
windows.  ASCE 7-16 (American Society of Civil Engineers Code 7, Year 2016) lists methods of determining 
how rigid a building can be assumed for design, separating a building into Open, Partially Enclosed, Partially 
Open, and Enclosed categories (American Society of Civil Engineers, 2017).  The goal would be to maximize 
window space to make the structure more homelike, while also keeping it enclosed enough to allow for a 
higher capacity in the design method.   
According to ASCE 7-16, Enclosed buildings have “Openings (windows and doors) in each wall less than or 
equal to 4 ft2 or 1% of the area of the wall.  (whichever is smaller).” (American Society of Civil Engineers, 
2017).  Doors are around 20 ft2 already, so this will not work.   
Next, a structure could be considered Partially Enclosed if both: 
1. “The total area of openings in a wall that receives positive external pressure exceeds the sum of areas of 
openings in the balance of the building envelope (walls and roof) by more than 10%.” 
2. “The total area of openings in a wall that receives positive external pressure exceeds 4 ft2 or 1% of the 
area of that wall, whichever is smaller, and the percentage of openings in the balance of the building 
envelope does not exceed 20%.” 
Put into equations: 
                                                          
3 There has been some research for in-plane CLT reduction in stiffness (Shahnewaz, Tannert, Alam, & 
Popovski, 2018), but there does not seem to be conclusive research for openings for out-of-plane reduction 
in stiffness, bending capacity, or shear capacity at the time of this writing. 
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1 𝐴𝑜 > 1.10 ∗ 𝐴𝑜𝑖 (ASCE 7-16 Table 26.13-1) 
And, 
2   
𝐴𝑜𝑖
𝐴𝑔𝑖
< 0.2 (ASCE 7-16 Table 26.13-1) 
Where  
1 Ao = The area of openings for a particular wall 
2  Ag = The gross area of particular wall 
3 Aoi = The sum of all openings in the structure (doors and windows) minus Ao 
4 Agi = The sum of gross areas of the walls minus Ag 
This then means for long walls: 









This can only happen if one side has an extreme area of windows compared to the other sides, and as we are 
looking for a fairly balanced structure, this category does not apply. 
The Open Enclosure category applies to structures that “[H]as each wall at least 80% open.” Clearly most of 
the effect of CLT’s rigidity would be lost in this case, and so the building will not be open enclosure either.   
The last case is Partially Open, which happens if “A building that does not comply with the requirements for 
open, partially enclosed, or enclosed buildings,” which happens to match our situation.   
So, to summarize, we need a window and door configuration where less than 80% of the wall space is taken 
up by openings.  For purposes further on, I am going to have smaller windows on the longer edges (3’ 4” x 
27 
 
5’ 4”) and larger windows on the end walls (6’ 8” x 5’ 4”).  Note the ones on the end are double the size of 
the smaller ones4.   
Figure 9 shows what the addition of the windows and doors looks like currently: 
 
Figure 9.  The box with holes for windows and doors 
While this is an improvement, it needs to look less like paper and needs to look like it is made of CLT instead. 
                                                          
4 This is a common practice in vernacular architecture for small houses to allow for larger windows to be 
made of panes with same dimensions.   
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2.2.3. Panel sizing 
CLT comes in panels typically in 4’ increments but can really be in any dimension up to the size of the press 
where it is made.  For the long walls, a panel could theoretically be made up to 40’ long, but this is impractical 
to work with, let alone transport, so the long walls need to be broken up.  However, they do not need to be 
so broken up that there are several tiny chunks, each one with its own capacity calculations.  Also, the more 
walls, the longer it takes to build, so a middle ground needs to be found.  Two walls (20’ x 9’) is still a little 
cumbersome, so three panels might be better.  Three panels mean either two 12’ and a 16’ or two 16’ and an 
8’.  Because of the window placement, the walls will be made from two 16’ x 9’ panels and an 8’ x 9’ panel 
in the middle.  The shorter walls can be made entirely out of one panel, which makes everything easy to 
calculate on the edges.  For the roof, it is probably not best to have the splines of the roof line up perfectly 
with the splines of the walls for connection purposes, the roof panels can be 10’ x 9’ (the hypotenuse of the 





+ (4′)2, so we will accept a little overhang and just say 9’).   
Concerning press efficiency, there are several different manufacturers of CLT, each with a different press 
size, and so it might be a little difficult to ascertain just how much space is being wasted in the process.  At 
40’ on the long wall, and the roof and long walls being around 9’ long and tall respectively, an entire roof/long 
wall can be made in most presses.  Of course, this changes with the different sizes of the house.  Perhaps for 
the developer seeking to mass produce these houses, or for the architect seeking to make the most use of CLT 
available, different features can be added (shutters, roof overhangs, other architectural components, etc.). 
For design purposes later, we will define this hypotenuse as. 
5 LR = The length of the roof (hypotenuse) 




Figure 10.  A CLT house 
This looks more like a house!  Now that we have the architecture decided, we need to see if this design will 
work: if it will carry all the loads an EF 3 tornado is expected to bring against it.   
Table 2 below shows the basic building info we will use throughout this example. 
 







Length of roof hypotenuse ~9'
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3. Calculating the wind pressures 
Using ASCE 7-16 wind procedures to find the wind pressures acting on 
the building with updated tornado parameters from the commentary. 
 
3.1.  Process         31 
A step by step process of determining the wind loads from ASCE 7-16 
chapters 26 and 27 with additional guidelines for tornadoes from the 
commentary. 
 
3.2.  Findings         40 





A step by step process of determining the wind loads from ASCE 7-16 
chapters 26 and 27 with additional guidelines for tornadoes from the 
commentary. 
 
3.1.1.  Overview of wind loads       32 
 Information regarding the wind procedures 
 
3.1.2.  Velocity Pressure        34 
 Finding q from ASCE 7-16 
 
3.1.3.  Gust Factor        36 
 Finding G from ASCE 7-16 
 
3.1.4.  Roof Cp values        38 
 Finding Roof Cp from ASCE 7-16 
 
3.1.5.  Wall Cp values        39 
 Finding Wall Cp from ASCE 7-16 
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3.1.1. Overview of wind loads 
Tornado loading is something that is unfortunately, very theoretical.  Only just recently did ASCE include 
tornado loading in its codes (American Society of Civil Engineers, 2017).  Research groups, such as those at 
Iowa State, have experimented with finding a multiplier factor to previous ASCE 7’s wind chapters to more 
accurately assess wind pressures due to tornadoes, and what they found was that uplift was significantly more 
and with enormous variability than in previous ASCE-7 wind procedures, but suction and direct wind 
pressures were not drastically different (Haan Jr. , Balaramudu, & Sarkar, 2010).  The procedures to obtain 
the wind pressures against which this building must resist for tornado loads will be following ASCE 7-16 
with the tornado adjustments from the commentary.  The final equation to obtain the desired wind pressures 
is shown in Equation 3 and Figure 11: 
3 𝑝 = 𝑞𝐺𝐶𝑝 − 𝑞𝑖(𝐺𝐶𝑝𝑖) (ASCE 7-16 27.3-1) 
 
Figure 11.  ASCE Figure 27.3-1: an explanation of roof and wall pressure reactions (American Society of 
Civil Engineers, 2017) 
Where 
6 q = qz For windward walls evaluated at height z above the ground 
7 q = qh For leeward walls, sidewalls, and roofs evaluated at height h 
8 qi = qh For windward walls, sidewalls, leeward walls, and roofs of enclosed buildings, and 
for negative internal pressure evaluation in partially enclosed buildings 
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9 qi = qz For positive internal pressure evaluation in partially enclosed buildings where height 
z is defined as the level of the highest opening in the building that could affect the positive 
internal pressure.  For buildings sited in wind-borne debris regions, glazing that is not 
impact-resistant or protected with an impact-resistant covering shall be treated as an 
opening in accordance with Section 26.12.3.  For positive internal pressure evaluation, qi 
may conservatively be evaluated at height h(qi=qh) 
10 G = Gust-effect factor; see Section 26.11.  For flexible buildings, Gf determined in 
accordance with Section 26.11.5 shall be substituted for G 
11 Cp = External pressure coefficient from Figs.  27.3-1, 27.3-2, and 27.3-3 
12 (GCpi) = Internal pressure coefficient from Table 26.13-1 
Because there are Cp values for roof and others for walls, we will need to calculate two parallel series of Cp 
values once we get to that point.  But before we get to Cp values, we will find the Velocity Pressure q, and 
the Gust factor G. 
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3.1.2. Velocity Pressure 
The first term we need to figure out is q.  It should be noted that for the purpose of this thesis, q, qh, qz, and 
qi, will all be taken to be the same, given that the constants to find the value for the q’s are all the same below 
15’ of roof height.  This changes the equation in ASCE 7-16 27.3.1 to be: 
3 𝑝 = 𝑞(𝐺 ∗ 𝐶𝑝 − 𝐺𝐶𝑝𝑖) 
Which means we need to find q.  ASCE gives the procedure in ASCE 7-16 26.10.2.: 
4 𝑞𝑧 = 0.0256𝐾𝑧𝐾𝑧𝑡𝐾𝑑𝐾𝑒𝑉
2 (ASCE 7-16 26.10-1) 
Where 
13 Kz = Velocity pressure exposure coefficient, see ASCE 7-16 Section 26.10.1 
14 Kzt = Topographic factor, see ASCE 7-16 Section 26.8.2 
15 Kd = Wind directionality factor, see ASCE 7-16 Section 26.6  
16 Ke = Ground elevation factor, see ASCE 7-16 Section 26.9.  V = basic wind speed, see 
Section 26.5 
17 qz = Velocity pressure at height z 
It should be noted that the .00256 is only a rounding off according to ASCE 7-16 C26.10.2. 
Continuing with how to find q, Kz is 0.85 from Table 26.10-1 as both the average height (11’) and eave height 
(9’) are both below 15’, Kzt is 1 from ASCE 7-16 26.8.2 (Figure 12) as this is in Exposure C (general case) 
site conditions are not specific (Figure 12),  
 
Figure 12.  ASCE 7-16 26.8.2: Kzt (American Society of Civil Engineers, 2017) 
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Kd is 0.85 from Table 26.6-1 as this is a building using MWFRS, and Ke is 1 from Table 26.9-1 
Since we are looking at this structure’s resistance to EF 3’s, V = 165 mph.  All of this culminates to: 
4 𝑞 = .00256 ∗ 0.85 ∗ 1 ∗ 0.85 ∗ 1 ∗ 𝑉2 = 50.3 𝑝𝑠𝑓 
Now that q is known, we can begin finding the other variables to find p in Equation 3.   
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3.1.3. Gust Factor 
G (the gust effect factor) can be taken as 0.85 for a rigid building.  However, this structure might not always 
be rigid, and it might be more conservative to go through the equations presented in ASCE 7-16 26.11.4.: 
5 𝐺 = 0.925 (
1+0.7𝑔𝑞𝐼𝑍𝑄
1+0.7𝑔𝑣𝐼𝑧
) (ASCE 7-16 26.11-6) 
Where 
18 Iz = Intensity of turbulence at height z 
19 gQ = A constant 
20 gv = A constant 
21 Q = The background response 
Iz is given by: 






  (ASCE 7-16 26.11-7) 
Where 
22 c = A constant from Table 26.11-1 
23 z = The equivalent height of the building or structure defined as 0.6h, but not less 
than zmin for all building or structure heights h 
Q is given by the equation: 






0.63  (ASCE 7-16 26.11-8) 
Where  
24 B = The smaller outer dimension of the structure 
25 h = The average height of the structure 
26 LZ = Integral length scale of turbulence at the equivalent height 
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Lz is given by: 





 (ASCE 7-16 26.11-9) 
Where 
27 l = A constant from Table 26.11-1 
28 ε = A constant from Table 26.11-1 
At this point we have tracked down what all the terms qualitatively, so now, we must find them quantitatively. 
gQ   and gv are both 3.4, c is taken to be 0.2 from Table 26.11-1, and z is the maximum of 15’ and 0.6*h (= 
6.6’) from ASCE 7-16 26.11.4, meaning Iz = 0.228.  B is 16’, h is 11’, and l and ε are 500’ and 0.2 respectively 
from ASCE 7-16 Table 26.11-1, meaning Lz = 427’, and Q = 0.949., finally culminating in G = 0.908.  While 
0.85 can be used for G, 0.908 leads to more extreme values for the pressures to be used, and so, 0.908 will 
be used for G. 
Next comes the Cp values, which require interpolation and keeping lists of all the different values.   
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3.1.4. Roof Cp values 
The first set of Cp values we will find will be for the roof.  This is more involved than the walls.  We will 
need to use the roof angle (6”/12” ➔ 26.60), h/L (=11’/40’ ➔ 0.275), and the direction.  Because the angle is 
between 250 and 300, and the h/L is between 0.25 and 0.5, two level interpolation will be needed from these 
tables: 
 
Table 3.  ASCE 7-16 Fig.  27.3-1 Roof pressure coefficients Cp (American Society of Civil Engineers, 
2017) 
Using interpolation, Table 4 is made of all the different Cp values: 
 
Table 4.  Table of possible Cp values for the roof 
Cp Values Wind Direction Roof Location 
-0.259 Perpendicular (to ridge) Windward 
0.290 Perpendicular Windward 
-0.600 Perpendicular Leeward 
-0.180 Parallel Along the roof (all locations) 
-0.900 Parallel Along the roof from 0 to h/2 (0’-4.5’) 
-0.900 Parallel From h/2 to h (4.5’-9’) 
-0.500 Parallel From h to 2h (9’-18’) 




3.1.5. Wall Cp values 
We can go through the same procedure for the walls, which is much simpler.  Given Table 5 (ASCE 7-16 
Figure 27.3-1) below, 
 
Table 5.  ASCE 7-16 Fig.  27.3-1 Wall pressure coefficients for ASCE's pressure procedure (American 
Society of Civil Engineers, 2017) 
With L/B = 2.5, Table 6 can be made which shows Cp values for the walls of the structure:  
 
Table 6.  Table of possible Cp values for the wall 
Cp Wall Location 
0.800 Windward Wall 
-0.275 Leeward Wall 





Finally, we can use ±0.18 for GCpi from ASCE 7-16 Table 26.13-1, as this building is partially open.  Using 
all of these calculated values, we can make a table of pressures from ASCE 7’ wind procedures: 
 
Table 7.  Table of all possible pressures on surfaces following ASCE's MWFRS procedure 
Finally, ASCE 7-16 Table C26.14-4 provides increase factors for tornado design as shown in Table 8: 
Pressure (psf ) C p Type Wind Direction Location GC pi  (
+
/-)
-20.89 -0.26 Roof Perpendicular Windward +
4.20 -0.26 Roof Perpendicular Windward +
-2.78 0.29 Roof Perpendicular Windward -
22.31 0.29 Roof Perpendicular Windward -
-36.47 -0.60 Roof Perpendicular Leeward +
-18.36 -0.60 Roof Perpendicular Leeward -
-17.28 -0.18 Roof Parallel Along the length +
0.83 -0.18 Roof Parallel Along the length -
-50.18 -0.90 Roof Parallel Along the length from 0 to h +
-32.07 -0.90 Roof Parallel Along the length from 0 to h -
-31.90 -0.50 Roof Parallel Along the length from h  to 2h +
-13.79 -0.50 Roof Parallel Along the length from h  to 2h -
-22.76 -0.30 Roof Parallel Along the length beyond 2h +
-4.65 -0.30 Roof Parallel Along the length beyond 2h -
27.50 0.80 Walls Any Windward -
45.61 0.80 Walls Any Windward +
-21.62 -0.28 Walls Any Leeward -
-3.51 -0.28 Walls Any Leeward +
-18.19 -0.20 Walls Any Side -




Table 8.  ASCE 7-16 C26.14-4 ASCE's Tornado Factors (American Society of Civil Engineers, 2017) 
Unfortunately, Partially Open buildings are not on this table, but based off the commentary, it is usually 
accepted that unknown parameters can be modeled using values for Enclosed buildings, meaning that since 
we are using MWFRS (Main Wind-Force Resisting System) in exposure C, the tornado factor = 1.6.  Using 
all that has been calculated, the design wind pressures to use for calculations are -80.3 psf (= -50.2 psf x 1.6) 
for the roof and 73.0 psf (= 45.6 psf x 1.6) for the walls.  Now that the wind pressures are calculated, we can 
start focusing on the responses of the structure. 
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4. Structural Responses 
Finding the structural responses of the example building. 
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A comparison of the capacities and loading on the CLT members of the 
building including walls, roof, and potential roof structure in case of 
significant uplift. 
 
4.2.  Connection Loads        113 




4.1. Member Capacities 
A comparison of the capacities and loading on the CLT members of the 
building including walls, roof, and potential roof structure in case of 
significant uplift. 
 
4.1.1.  Overview         44 
 
4.1.2.  Walls         46 
 
4.1.3.  Roof         56 
 
4.1.4.  Roof Beams        59 
 





The panels (walls and roof) need to be able to withstand loading for the structure to work.  The basic failures 
looked at through this design will be bending, shearing, rolling, tension, and deflection.  The first four are 
critical for design, while the last one is more of a serviceability criterion, meaning it would be nice, but not 
essential for the deflection check to pass. 
The wall panels are going to be fastened on all sides, which makes failure calculations somewhat difficult.  
However, for the purpose of this analysis, they are going to be treated as a simply supported beam with a 
distributed load acting along a 1’ thick section.  The major assumption for this analysis is that the panel will 
only bend, shear, and deflect as far as the stronger section will allow.  For instance, the deflection of the plane 
in Figure 13, which has equal stiffness in both directions and uniformly distributed loading, will be limited 
to the deflection in the shorter direction rather than the longer direction: 
 
Figure 13.  From left to right: A regular plane, a deformed plane about its weak axis, a deformed plane 
about its strong axis 
The math behind this assumption comes from the deflection equation: 





29 𝛥 = Calculated deflection 
30 E = The modulus of elasticity 
31 I = The moment of inertia 
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32 w = The distributed load 
33 l = The length or span 
 For this scenario, E and I are constant, w only changes as it relates to the length over which the load is 
observed (the strong axis bears a heavier linear load by the ratio of the larger length divided by the shorter 
length), and l changes between the strong and weak axes.  However, since l changes by the fourth power, the 
weak axis creates a much heavier load than the strong axis. 
This is of course, only an assumption.  Since CLT is relatively new, there has not been extensive testing into 
the planar deformation from out-of-plane loads and so until such research is performed, this assumption will 
hold. With most plate and panel-like structures, there can be significant reactions at the corners and edges as 
was studied extensively by the great Timoshenko5.  However, most of what is used in practice from his 
studies applies to uniform stiffness and homogenous materials, of which CLT is neither.  There are certainly 
derivations to discern the edge and corner reactions for such a plate, but there is unfortunately almost no 
literature pertaining to how accurate this is for CLT experimentally.  Since the stiffness in the strong direction 
for CLT is roughly 30 times the stiffness in the weak direction, it is commonly modeled as all the load going 
in one direction.  Before making a true CLT tornado-resistant model, it might be worth testing experimentally 
how CLT panel edges and corners behave under extreme uniform loads.   
                                                          
5 Timoshenko is often considered the father of modern engineering mechanics and one of the greatest 
engineering minds of the last century.  His work on end reactions for two-dimensional plates is renowned, 
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The equation for the ultimate bending moment experienced in a beam is given by: 





34 Mu = The ultimate bending moment 
As this is wind loading, there is no load factor using LRFD (Load and Resistance Factor Design) load 
combinations (American Society of Civil Engineers, 2017) (the load factor is technically equal to 1.0, so it 
is ignored when multiplying).  Since the panels are spanning vertically, l should be the longest height, or 13’ 
for the worst-case scenario.  The maximum wind pressure found earlier was 73.0 psf, with a “beam” width 
of 1’, giving a maximum moment of: 




73.0 𝑝𝑙𝑓 ∗ (13′)
2
8
= 1.54 𝑘′ 
Capacity 
This number is to be compared against the moment capacity for the beam, or how much moment the beam 
can resist.  PRG-320 from APA (American Plywood Association) gives  bending capacity values for CLT 
(APA - The Engineered Wood Association, 2018).  For this structure, since we are using SYP, and the V3 
configuration is going to be used.  The Fb(S) value given is 1740 lbf x ft/ft, but this is in ASD (Allowable Stress 
Design).  To convert to LRFD and consider the adjustment factors, the equation for the adjusted Fb(S) 
according to the NDS (National Design Specification) is: 
11 𝐹𝑏(𝑆)
′ =  𝐹𝑏(𝑆) ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐶𝐿 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 10.3.1) 
Where  
35 Fb(S)’ = Adjusted bending capacity of CLT 
36 Fb(S) = Unadjusted bending capacity of CLT 
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37 CM = The moisture content factor 
38 Ct= Temperature factor 
39 CL = Stability factor 
40 K = Format conversion factor (ASD to LRFD) 
41 𝜙 = The LRFD resistance factor 
42 𝜆 = The time dependent factor 
Because this is a general case, the NDS for wood structures gives: CM = 1, Ct = 1, CL = 1, K = 2.54, 𝜙 = 0.85, 
and 𝜆 =1 for wind (American Wood Council, 2014).  Most of the factors are one since this is a conceptual 
design and is intended to be used for anywhere without many specifics.  This gives an adjusted Fb(S)’ of: 
11 𝐹𝑏(𝑆)
′ =  1740 (𝑙𝑏𝑓 ∗ 𝑓𝑡) ∗ 2.54 ∗ 0.85 ∗ 1′ =  3.76𝑘′ 
11 𝐹𝑏(𝑆)
′ = 3.76𝑘′ > 𝑀𝑢 = 1.54 𝑘
′ 
So, the wall panels pass bending!  Figure 14 shows the edge wall and the longest distance over which bending 
will occur in the strong direction, which is the worst-case scenario for bending.  Note that this bending 
capacity is independent on length, and so this will be the reference bending capacity for out-of-plane loading 





Figure 14.  Line for worst case scenario for wall bending 
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4.1.2.2. Horizontal Shear 
Load 
The equation for the maximum horizontal shearing is relatively simple for a symmetrical, simply supported 






43 Vu = The ultimate shear load 
w in this case (which is multiplied by the tributary 1’ width) is 73.0 plf and l is the length of the beam (or 16’ 







= 0.584 𝑘𝑖𝑝𝑠 
Capacity 
Like bending, the shear capacity given in PRG-320 needs to be adjusted.  The equation for the adjusted 
capacity is: 
13 𝐹𝑣(𝑡𝑣)
′ =  𝐹𝑣 ∗ 𝑡𝑣 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 10.3.1) 
Where 
44 Fv(tv)’ = The adjusted shear capacity of the CLT panel 
45 Fv = The shear capacity of the lumber 
46 tv = Thickness for shear failure 
Much like bending, this is a general case.  Fv =175 psi, tv = 1.375” since in this case we do not want the panel 
to shear past one lamination, K = 2.88, 𝜙 = 0.75, and the rest are the same factors from bending and all equal 
to 1, giving the adjusted shear capacity as: 
13 𝐹𝑣(𝑡𝑣)
′ =  175 𝑝𝑠𝑖(1′) ∗ 1.375” ∗ 2.88 ∗ 0.75 =  6.24 𝑘𝑖𝑝𝑠 >  𝑉𝑢  =  0.584 𝑘𝑖𝑝𝑠 
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And so, the shear capacity exceeds the load (American Wood Council, 2014).  As mentioned before, CLT 
performs very well in shearing capacity, so it should come as no surprise that these values are not even close.  
Note that shearing capacity is not orientation dependent.  Figure 15 shows one of the long walls with a box 
showing where the maximum shear on the walls would occur.  Note that the shear capacity is independent of 
length, and this will be the horizontal shear capacity referenced throughout the rest of this design. 
 
 
Figure 15.  Worst case scenario for horizontal shearing 
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4.1.2.3. Rolling Shear 
Load 
Rolling shear load is identical to horizontal shear load.  See: Load from 4.1.2.2.  Horizontal Shear. 
12 𝑉𝑢 = 0.584 𝑘𝑖𝑝𝑠 
Capacity 
While the loading is identical to the horizontal shear, the capacity is very different.  Since the loading is the 
same, we will skip to the capacity.  The equation for the adjusted rolling shear capacity over the width of the 
wall panel is: 
14 𝜙𝑅𝑛
′ =  𝑅𝑛 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 10.3.1) 
Where 
47 𝜙𝑅𝑛
′  = The adjusted rolling shear capacity of the CLT panel 
48 Rn = The unadjusted rolling shear capacity 
 In this case, 𝑅𝑛 is 1750 plf, K = 2.88, 𝜙 = 0.75 and the rest are the same factors from horizontal shearing and 
all equal to 1 (American Wood Council, 2014).  This gives the adjusted rolling shear capacity as:  
14 𝜙𝑅𝑛
′ =  1750 𝑝𝑙𝑓(1′) ∗ 2.88 ∗ 0.75 =  3.78 𝑘𝑖𝑝𝑠 >  𝑉𝑢  =  0.584 𝑘𝑖𝑝𝑠 
The wall panels are capable at resisting rolling shear.  Note that this is independent of length and so this will 





One failure criterion unique to the walls for this structure is tension, or the capacity for the walls to hold the 
entire structure intact while the tornado is pulling up on the structure.  because CLT does not have strength 
properties in edgewise directions, the actual tension capacity of sawn lumber will be used.   
The capacity for CLT in tension according to NDS is given by the equation: 
15 𝐹𝑡(𝐴)
′ = 𝐹𝑡(𝐴) ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 10.3.1) 
Where 
49 Ft(A)’ = The adjusted tensile capacity of the panel 
50 Ft = The tensile capacity of the wood 
51 A = The area of activated CLT 
Here, Ft for No. 2 Southern Pine is 550 psi, K = 2.7, 𝜙 = 0.8, and 𝜆 = 1 (American Wood Council, 2014).  A 




∗ 𝑡 ∗ 𝑃 
Where  
52 t = Panel thickness 
53 P = The perimeter around the structure 
t, here, = 4.125” (Standard for a 3-ply system) and P = 112’.  The reason for the 2/3’s is that only two-thirds 
of the panel thickness will be acting in that direction.  The area becomes 25.7 ft2 and the capacity becomes 
4,390 kips.   
Load 
This is compared to the load of: 




54 pr = The uplift roof pressure 
55 Ar = The area of the roof 
The walls pass considerably.  This check is typically not necessary but is still worth looking into for research 
purposes.  For the appendices results for EF 4 and EF 5 as well as a 1920 ft2 and a 2304 ft2 house, this failure 
criterion will not be listed, as it passes by a factor of over 80, and will very unlikely become less than one 





Deflection is not a failure load, but rather a serviceability concern.  People do not like their structures to move 
and they do not like curves in a structure when the structures are supposed to be straight.  And so, most 
wooden structures may fail under loads far beyond what they are designed for, but because no one wants a 
sagging roof, swinging bridge floor, or wavy walls, wooden structures must be designed to stay as straight 
as possible without being uneconomical. 
The equation for deflection of a simply supported beam that is uniformly distributed is: 




Where w = 73.0 plf, l = 13’ (the longest span in the strong direction), and EI is the stiffness (95 lbf x in^2/ft).  
Notice, that EI is kept as a single value, because in PRG-320, CLT stiffness values are given as a single value, 
as they are the same material and same geometry, unlike steel and concrete that have such large variability 
in material strengths and shapes that the two terms must be kept separate (APA - The Engineered Wood 
Association, 2018).  The deflection is: 







=  0.494” 
Allowable Deflection 
And the allowable deflection is:  






= 0.650” >  𝛥 = 0.494" 
Where 
56 𝛥𝑚𝑎𝑥  = The maximum allowable deflection 
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As many of the steps are similar, only those with different numerical values are shown.  The roof presents 
some challenges as the shortest span is a bent span that along the length of the roof is 18’ across.  Design for 
this type of roof is difficult when making assumptions, but for right now, we will start with bending analysis 





The maximum wind pressure found earlier was 80.3 psf, and with a “beam” width of 1’, the distributed load, 
w, is 80.3 plf, giving a maximum moment of: 




80.3 𝑝𝑙𝑓 ∗ (18′)
2
8
= 3.21 𝑘′ 
Capacity 
See: Capacity from 4.1.2.1.  Bending for capacity calculations. 
11 𝐹𝑏(𝑆)
′ =  3.76𝑘′ > 𝑀𝑢 = 3.21𝑘
′ 
This is a little close for comfort, particularly with an assumption that is not very strong.   
Ramification 
So, while the roof passes, it does not pass by very much, and the bent beam being treated as a regular beam 
is not a strong enough assumption to warrant this analysis, meaning a new solution or set of solutions will 
need to be made.  In addition, as the structure gets larger or sustains higher EF classes, the ratio of the capacity 
to demand is more vulnerable to dipping below 1.00.  Taking a gabled roof and treating it as a beam is not a 
viable assumption, especially when the connection in the middle is assumed to be a hinge.  Below is a picture 
(Figure 16) showing where the direction can occur: 
 
Figure 16.  Roof with shortest span shown 
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In order to have a roof that adequately resists the tornado loads, a structure will have to be developed 
underneath the roof.  Roof beams shorten the span between supports, which decreases maximum shearing 
experienced (V ∝ l1), greatly decreases maximum moment experiences (M ∝ l2), and drastically decreases 
deflection experienced (𝛥 ∝ l4).  There are two directions the roof beams may span (short- and long-), but 
the shorter-span roof beams minimize connection loads as well as provide more flexibility for the designer 
to adjust, and so this research will only cover options over the shorter span.  There is a sample set of 
calculations for a longer span option in the appendices for example, but it is in the recommendation of this 
research to not use longer-span beams. 
Since we know bending, shearing, and deflection all pass considerably at 13’, we will have three roof beams, 
separating the roof into four spans of 10’ (two roof beams would also work, but 13’-4” is a more difficult 
number to work with and visualize for the purposes of design calculation examples). 
CLT of course is the desired material, yet for the design of the roof beam, CLT would need to be aligned on 
its edge, and calculated in edgewise direction rather than flatwise direction.  While this would not be a 
concern for most materials, given CLT’s newness in the industry (particularly in the United States), edgewise 
strength values have not been provided in PRG-320 at the time of writing.  Below in Figure 17 is a common 
current practice for mechanics, with the unknown values being obtained through testing: 
 
Figure 17.  Common design processes for edgewise CLT situations (Breneman, PhD, 2017) 
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Given this hurdle, there will be two subsets of solutions: using CLT in edgewise bending with many 
assumptions, and using glulam, CLT’s older sibling which is composed of cloned layers placed atop one 
another with glue, contrasted with the alternating layers of CLT.  Below is a picture (Figure 18) of glulam: 
 





4.1.4.2.1.  Overview and Loads       63 
 
4.1.4.2.2.  Bending        67 
 
4.1.4.2.3.  Horizontal Shearing       70 
 
4.1.4.2.4.  Rolling Shear        71 
 




4.1.4.2.1. Overview and Loads 
For discerning CLT’s edgewise bending, horizontal and rolling shear strength, and deflection, several 
assumptions need to be made.  One of these is that the middle layer’s strength is a very small fraction of the 
outer layer’s strength, as in deflection, or that the middle layer is negligible, as in bending and shearing.  A 
very common design practice is to use Composite Theory, or the “k” method for determining the stiffness for 
deflection (Karacabeyli, Erol; Douglas, Brad; Forest Products Laboratory (U.S.); FPInnovations (Institute); 
Binational Softwood Lumber Council, 2013) (Blaß & Fellmoser, 2004).  Another assumption is that Fb and 
Fv for the boarded lumber can be used for the entire CLT panel.  This is a risky assumption, but it is generally 
agreed upon that the glue itself is stronger than the wood for the panel, and so while the capacity is being 
calculated as if it were one large piece of wood, it is multiple pieces with a very strong glue bond in between.  
Finally, another assumption is that the section modulus considers the entire thickness.  This assumption 
appears to be accepted, but of course without much literature on edgewise CLT capacities, caution must be 
used during the application.   
As this is the roof beam and not the actual roof itself, some special considerations need to be considered for 
the load.  The load will be a combination of the dead load of the roof, beam, and superimposed dead load and 
the live load will be the tornado uplift.  In addition, the case considering non-tornado, or gravity, conditions 
will also be considered.   
Below is a diagram (Figure 19) and an equation explaining the loading on the roof: 




Figure 19.  Explanation of roof loads 
Where  
57 DL = Distributed dead load 
58 RB = Distributed weight of the roof beam 
59 ROB = The weight of the roof over the beam 
60 S = Superimposed load over the beam 








Figure 20.  A visualization of the CLT roof beam 






61 AB = The area of the roof beam 
62 𝛾 = Density of the CLT panel 
AB is given by the equation: 





63 de = The depth at the edge of the beams 
64 dc = The depth at the center of the beams 
For this beam, t  = 4.125”, 𝛾 = 35
𝑙𝑏𝑓
𝑓𝑡3
 (Evans), B  = 16’, de  = 17” for this example, and dc = 4’+17” or 5’-5”, 
giving an AB of 54.7 ft2, which gives an RB of 41.1 plf. 
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65 s = The span the roof covers 
 Which happens to be 10 ft and LR is the hypotenuse length of the roof (given earlier as 8.94 ft), giving an 
ROB of 135 plf.  Figure 21 shows the roof spans with tributary areas.   
 
Figure 21.  Diagram of roof highlighting the tributary roof over the roof beam 
Finally, S is the superimposed dead load of 15 psf.  In order to make this occur over the roof beam, we will 
multiply it by the span to give S = 150 plf.  Adding all these together gives the dead load as being 326 plf. 
Concerning live load, for the tornado condition, the tornado uplift will be used, which is 803 plf (80.3 psf 
from the wind calculation section multiplied by 10’ of the roof span).  For the gravity condition, it is not 
assumed that people will be walking and using the roof, so we will use ASCE 7’s recommendation of 20 psf, 





Because this is a triangular section, a critical location will need to be found for the spot where the maximum 
bending stress in relation to thickness that can resist it occurs along the length of the beam.  The critical x 
coordinate (with one of the ends being 0 ft along the beam, and the other being 16 ft) is expressed as: 
66 xmax = The critical location for bending 
Given by: 




Since all these values have been explained before, xmax = 25.1”.  The depth of that section (the critical depth) 
is expressed as: 
67 dmax = The depth at the critical section 
Given by the equation: 
24 𝑑𝑚𝑎𝑥 =  𝑑𝑒 + 𝑥𝑚𝑎𝑥 ∗ tan(𝛩) 
Which brings dmax = 29.6”.  Figure 22 shows the critical section: 
 




Using ASCE 7 load combinations, 3 and 5 specifically, the ultimate load experienced by the beam given as 
equations along the length of the beam for both conditions are given by: 




























68 Mut(x) = The bending load from the tornado condition 
69 Mug(x) = The bending load from the gravity condition 
70 T = The tornado uplift load 
71 LR = The live load on the roof from ASCE 7-16 
The maximum moments experienced, occurring at the critical location are: 
25 𝑀𝑢𝑡(𝑥𝑚𝑎𝑥) = 7.42 𝑘
′ 
26 𝑀𝑢𝑔(𝑥𝑚𝑎𝑥) = 8.01 𝑘
′ 
Capacity 
Now for the capacity, the only things that are different from the walls are that instead of Fb(S), we will be 
finding the adjusted Fb and the S separately as per Figure 17.  The adjusted Fb is given as: 
27 𝐹𝑏
′ =  𝐹𝑏 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐶𝐿 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 10.3.1) 
Where  
72 Fb’ = The adjusted bending capacity for the CLT panel in edgewise loading 
73 Fb = The bending capacity for lumber 
Fb for Southern Yellow Pine No. 2 = 925 psi, which gives an adjusted F’b of 2000 psi and 1600 psi for the 
tornado and gravity conditions respectively, as 𝜆 is different for the two situations (1 for impact and 0.8 for 
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continual loads).  Note that this use of 𝜆 will be used throughout the entire research and will not be referred 
to again for the sake of brevity.  It might be best to think of this use explained as: 
74 𝜆𝑔 = The time duration factor for gravity loading (= 0.8) 
75 𝜆𝑡 = The time duration factor for tornado loading (= 1.0) 
Next, 
76 S = The section modulus for the edgewise panel 
Given by: 




= 600 𝑖𝑛3  
Making the moment capacities: 
29 𝐹𝑏
′𝑆𝑡 =  𝐹𝑏𝑡
′ ∗ 𝑆 = 99.9𝑘′ > 𝑀𝑢𝑡(𝑥𝑚𝑎𝑥) (NDS Table 10.3.1) 
30 𝐹𝑏
′𝑆𝑛 =  𝐹𝑏𝑔
′ ∗ 𝑆 = 79.9𝑘′ > 𝑀𝑢𝑔(𝑥𝑚𝑎𝑥) (NDS Table 10.3.1) 
This means the bending capacity passes and does so considerably!  The beams should be able to handle the 
bending stresses during both tornado and gravity conditions. 
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4.1.4.2.3. Horizontal Shearing  
Load 
This is very similar to the wall horizontal shearing procedures, with a few differences in dimensions, and 
process for determining the ultimate shear.  For the ultimate shearing, the equations are: 



























77 Vut(x) = The shear load in tornado loading 
78 Vug(x) = The shear load in gravity loading 
Giving a maximum shearing (occurring at the ends) of: 
31 𝑉𝑢𝑡(0) = 4.08 𝑘𝑖𝑝𝑠 
32 𝑉𝑢𝑔(0) = 5.69 𝑘𝑖𝑝𝑠 
Capacity 








=  𝐹𝑣 ∗ 𝑑𝑒 ∗ 𝑡𝑣 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆𝑔 








=  175 𝑝𝑠𝑖 ∗ 17” ∗ 1.375” ∗ 2.88 ∗ 0.75 ∗ 0.8 =  7.07 𝑘𝑖𝑝𝑠 >  𝑉𝑛 
So, the shearing capacity also exceeds the ultimate shear experienced! 
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4.1.4.2.4. Rolling Shear  
Load 
See: Load from 4.1.4.2.3.  Horizontal Shearing 
31 𝑉𝑢𝑡(0) = 4.08 𝑘𝑖𝑝𝑠 
32 𝑉𝑢𝑔(0) = 5.69 𝑘𝑖𝑝𝑠 
Capacity 
One major concern with CLT is rolling shear, or the resistance to the individual laminations rolling off each 
other.  PRG-320 and NDS have provided a means to calculate this, but as mentioned previously, no CLT 
edgewise properties are present in either code.  However, PRG-320 and NDS both give that the capacity 
value is equal to Fs x (I*b/Qeff) (Breneman, PhD, 2017).  Using this knowledge, perhaps there is a way to use 
this information and derive a prediction for edgewise rolling shear capacity.  First, we will attempt to 
accurately predict the capacity for 3-ply, then 5-ply and 7-ply to ensure we have an accurate model: 
The equation for Vs that we need is given as: 
33 𝑉𝑠 =  𝐹𝑠 ∗ (
𝐼∗𝑏
𝑄
) (Breneman, PhD, 2017) 
Where  
79 Vs = The rolling shear capacity of the CLT panel 
80 Fs = The rolling shear capacity of solid sawn lumber 
81 b = The width of the section 
82 Q = The first or static moment of area.   
We are given that Fs is 55 psi in PRG-320, but the others must be found.  The equations for the other values 
are: 





















= 67.7 𝑖𝑛4 
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35 𝑏 = 1′ = 12” (Tributary width is 1’) 
36 𝑄 = 𝐴 ∗ 𝑦 
Where 
83 A = The area above the neutral axis 
84 y = The distance between the centroid of the top half and the centroid of the entire section 
Figure 23 explains the geometry behind the rolling shear calculations.   
 
Figure 23.  Rolling shear geometries 
Further analysis gives: 
37 𝐴 = 𝑏 ∗ 𝑡 ∗
1
2
= 24.8 𝑖𝑛2 




Which then gives: 
36 𝑄 = 25.5 𝑖𝑛3 
33 𝑉𝑠 =  𝐹𝑠 ∗ (
𝐼∗𝑏
𝑄
) = 1750 𝑝𝑙𝑓 
This happens to equal the value of Vs given in PRG-320 (APA - The Engineered Wood Association, 2018).  
Using this same procedure for 5-ply: 





























= 260.  𝑖𝑛4 







36 𝑄 = 𝐴 ∗ 𝑦 
39 𝑡 = 5 ∗ 1.375=6.875 
37 𝐴 = 𝑏 ∗ 𝑡 ∗
1
2
= 41.3 𝑖𝑛2 




36 𝑄 = 70.9 𝑖𝑛3 
33 𝑉𝑠 =  𝐹𝑠 ∗ (
𝐼∗𝑏
𝑄
) = 2420 𝑝𝑙𝑓 
And 7-ply: 















































= 645.  𝑖𝑛4 
35 𝑏 = 1′ = 12”   
36 𝑄 = 𝐴 ∗ 𝑦 
39 𝑡 = 7 ∗ 1.375=9.625 








36 𝑄 = 139 𝑖𝑛3 
33 𝑉𝑠 =  𝐹𝑠 ∗ (
𝐼∗𝑏
𝑄
) = 3070 𝑝𝑙𝑓 
Both of which are very close or equal to the values that PRG-320 gives (2,420 plf and 3050 plf respectively) 
(APA - The Engineered Wood Association, 2018).  Using this same method for 3-Ply in edgewise gives (See 
Figure 24 for visualization): 












(𝑏)3 = 403.  𝑖𝑛4 
35 𝑏 = 1′ = 12” (Tributary width is a foot) 
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36 𝑄 = 𝐴 ∗ 𝑦 
39 𝑡 = 3 ∗ 1.375=4.125 
37 𝐴 = 𝑏 ∗ 𝑡 ∗
1
2
= 24.8 𝑖𝑛2 




36 𝑄 = 74.3 𝑖𝑛3 
33 𝑉𝑠𝑒 =  𝐹𝑠 ∗ (
𝐼∗𝑏
𝑄
) = 3579 𝑝𝑙𝑓 
 
Figure 24.  Edgewise rolling shear geometries 
With 
85 Vse = The rolling shear capacity in edgewise direction 
However, we will use 3,550 plf to be conservative.   








′ =  𝑉𝑠𝑒 ∗ 𝑑𝑒 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 
Which gives: 
14 𝜙𝑅𝑛𝑡
′ =  3550 𝑝𝑙𝑓 ∗ 17” ∗ 2.88 ∗ 0.75 =  10.9 𝑘𝑖𝑝𝑠 >  𝑉𝑡(0) = 4.08 𝑘𝑖𝑝𝑠 
14 𝜙𝑅𝑛𝑔
′ =  3550 𝑝𝑙𝑓 ∗ 17” ∗ 2.88 ∗ 0.75 ∗ 0.8 =  8.69 𝑘𝑖𝑝𝑠 >  𝑉𝑔(0) = 5.69 𝑘𝑖𝑝𝑠 
So, the shearing capacity also exceeds the ultimate shear experienced! 
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4.1.4.2.5. Deflection  
Load 
Deflection, as mentioned previously, is a serviceability criterion and not a failure criterion.  And so, for the 
purpose of the analysis, we will find the deflection of the roof beam under gravity load only and not tornado 
conditions, to ensure it will not sag gratuitously when in regular use.  The equation for deflection for a simply 





However, I(x) changes with respect to the location along the beam, meaning we will need to use the double 
integration method from the Euler-Bernoulli curvature equation for finding the deflection of the beam, given 






















As E is constant with respect to the location along the length of the beam, it will be pulled out of the integral.   
M(x) for a uniformly loaded simply supported beam is given as: 








41 𝑀(𝑥) = ∫ 𝑉(𝑥)𝑑𝑥
𝑥
0









(−𝑥2 + 𝐵 ∗ 𝑥) 








86 d(x) = The depth along the length of the beam 
Given as a piecewise function to accommodate the shape: 
42 𝑑(𝑥) = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚(𝑚 ∗ 𝑥 + 𝑑𝑒 , −𝑚 ∗ 𝑥 + (𝑑𝑒 + 𝑚 ∗ 𝐵)) 
This makes the equation for deflection become: 



















Note, there is an added value “k” in the denominator.  This will be explained later.  Pulling the constants out 
gives: 

































Unfortunately, the methods prescribed to integrate this equation are beyond the scope of this thesis, even if 
the denominator inside the integral is broken up.  We certainly could integrate this, but this is a thesis about 
designing a solution and not mathematics theory, so tools will be used to expedite the integration.  
Fortunately, since we only need the numerical values for the results, some manipulation is required in order 
to properly retrieve the values from a MathCAD worksheet.  Whatever the equation for the slope is, we know 
it will have to be at 0 at B/2, as the beam is symmetrical.  Equation 43 above if left in that state will bring up 
a slope of 0 at the left end (x = 0 ft).  However, if we subtract the value of the equation at x = 8 ft, then we 
will obtain a slope of 0 at x = 8 ft in order to reconcile the integration constant C that would come out of the 

















































We know the deflection at x = 0 ft and x = 16 ft are both equal to 0, and going through the integration process, 
the constant, C, would be 0.  So now that we have the equation, we can use MathCAD analysis to find the 
value of the deflection.   
For deflection, there is no need to use the LRFD factors for load combinations, and so the load is given as: 
45 𝑤 =  𝐷𝐿 + 𝐿𝑅 = 512 𝑝𝑙𝑓 
The stiffness of a CLT panel in edgewise bending appears to be an unusually difficult value to arrive at 
compared to other edgewise assumptions.  It appears the most common analytical approach is to use the 
composite theory, or “k” method, which multiplies the Young’s Modulus (E = 1.4 x 106 psi for No. 2 sawn 
SYP) by a factor k depending on how many plies there are present.  The composite theory (Blaß & Fellmoser, 
2004) finds a value, “k” to multiply the Young’s Modulus by, given by the equation: 






 (Blaß & Fellmoser, 2004) 
Where 
87 k = Factor to multiply by stiffness for composite theory 
88 E90 = Young’s Modulus in weak direction 
89 E0 = Young’s Modulus in strong direction 
90 amx = Thickness of corresponding layer 




Figure 25.  Diagram explaining values in composite theory for 5-Ply CLT Panel (Blaß & Fellmoser, 2004) 
With this being a 3-ply system and the generally accepted assumption that E90 is 1/30 of E0, k becomes 0.678.   
The final deflection after plugging everything in is 0.024 in.   
Allowable Deflection 
Comparing this with the maximum deflection: 
18 𝛥𝑚𝑎𝑥 =  
𝑙
240
= 0.8 𝑖𝑛 > Δ = 0.024 in 
Which means the beam will not sag under gravity conditions!   
Verification for integration 
As verification, the slopes at x = 0 ft is –.03720, x = 8 ft is 00, and x = 16 ft is +.03720 (the slopes at x = 0 ft 
and x = 16 ft are opposite), as well as the deflections at x = 0 ft and x = 16 ft are 0 in.  So, this appears to 
work!  Figure 26 agrees with expectations: as I increases, the increase in deflection lessens.   
 
Figure 26.  Deflection of CLT Tapered Beam 
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4.1.4.3.1. Overview and Loading 
As mentioned before, the two main subsets of roof beams to be explored are a CLT option and a glulam 
option.  However, with the experience glulam has in this function of mass timber design, it should only stand 
to reason that there should be a few glulam options.  The first one we will consider is the tapered beam option.  
This option uses 20F-V5 glulam.  There are certainly much stronger varieties, but if it this concept can work 
with a weaker beam, then it can certainly work with a stronger beam. 
This option in geometry is very similar to the CLT option just explored but being made with glulam.  This 
means it will vary slightly and thus require a process to check bending, shearing, and deflection.  Below in 
Figure 27 is a picture of the beam: 
 
Figure 27.  Visualization of tapered glulam roof beam 
Much like the CLT option, the dead load on the roof beam is dependent on the size of the roof beam.  Because 
the process is very similar to the CLT option, only steps and equations where numbers differ will be 













de and dc are assigned new values (say de = 4.25” to avoid split laminations, which makes dc = de + 4’ = 
52.25”), giving an AB of 37.7 ft2, which gives an RB of 37.7 plf.  Including the ROB found earlier of 135 plf 
and a superimposed dead load of 15 psf multiplied by the span of 10’, the DL of this beam is 322 plf. 
Just like the CLT option, the tornado uplift will be used for the live load, which is 803 plf.  For the gravity 
condition, it is not assumed that people will be walking and using the roof, so we will use ASCE 7’s 





The critical section for this beam is given by: 




Which is closer to the edges than the critical section of the CLT beam was.  The depth of that section is: 
24 𝑑𝑚𝑎𝑥 =  𝑑𝑒 + 𝑥𝑚𝑎𝑥 ∗ tan(𝛩) = 8.15" 
Below in Figure 28 is a picture of the critical sections: 
 
Figure 28.  Critical section of the Tapered Glulam Beam 
Load 
The maximum moments experienced, occurring at the critical location using the same equations as the CLT 
option (4.1.4.2.2.  Bending: Load p. 68) with updated values are: 
25 𝑀𝑢𝑡(𝑥𝑚𝑎𝑥) = 2.56 𝑘
′ 
26 𝑀𝑢𝑔(𝑥𝑚𝑎𝑥) = 3.53 𝑘
′ 
Capacity 
This is where things begin to come very different from the option.  However, glulam is a much more well 
studied material as compared to CLT, and tapered roof beams happen to be a very common application in 
mass timber design. 
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Bending capacity for a glulam beam in this orientation can be given by the equation: 
47 𝜙𝑀𝑛 = 𝑆 ∗ 𝐹𝑏
′  
Where  
91 𝜙Mn = The nominal moment capacity 
And as we have seen before, S is the section modulus, and F’b is the adjusted bending strength of the material. 
The shape factor (much like the equation for the CLT option) is: 






= 61.0 𝑖𝑛3 
The adjusted bending capacity, however, is not as straightforward.  Using the NDS to find the equation for 
the adjusted bending stress: 
48 𝐹𝑏
′ =  𝐹𝑏 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐶𝐿 ∗ 𝐶𝑉 ∗ 𝐶𝑓𝑢 ∗ 𝐶𝑐 ∗ 𝐶𝐼 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 5.3.1.) 
Some new terms are added such as: 
92 Cv = Volume factor 
93 Cfu = Flat use factor 
94 Cc = Curvature factor 
95 CI = Stress interaction factor 
In addition to these new terms, Fb is 2000 psi for glulam, CM and CL, are both 1, K is 2.54, and 𝜙 is 0.85. 
The volume factor, Cv is given by the equation from NDS 5.3.6: 



















≤ 1 (NDS 5.3-1) 
Where  
96 x = A constant (20 for Southern Yellow Pine) 
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This gives a final CV of 0.968.  The flat use factor, Cfu, and the curvature factor, Cc, are both 1 as the beam is 
placed in the “upright” position and is not curved.  The Stress Interaction factor, CI, is given by the equation 
from NDS 5.3.9: 













 (NDS 5.3-4) 
For the taper on the compression face (gravity loading condition) and: 













 (NDS 5.3-5) 
For the taper on the tension face (tornado condition).  Because of the loading directions, the tapered side will 
be in compression for gravity and tension for tornado loading as shown in Figure 29 and Figure 30 below: 
 




Figure 30.  Tornado condition showing tapered side in tension 
FV for glulam is 300 psi, Cvr is 1 under NDS 5.3.10, 𝐹𝑐⊥ is 740 psi, and Frt is a third of FV for Southern Yellow 
Pine, which is 100 psi.  Which brings CIg = 0.282, and CIt = 0.164.  This brings the adjusted bending strengths 
to: 𝐹𝑏𝑔
′ = 974 𝑝𝑠𝑖 for the gravity loading, and 𝐹𝑏𝑡
′ =  681 𝑝𝑠𝑖 for the tornado loading condition.  Finally, this 
brings the moment capacities to 𝜙𝑀𝑛𝑔 = 4.95 𝑘
′ for the gravity condition and 𝜙𝑀𝑛𝑡 = 3.48 𝑘
′ for the tornado 






Fortunately, glulam shear calculation procedures are nearly identical to CLT shear procedures, except for Cvr, 
and since we have already seen this to be 1, we will ignore it, and simply refer the reader to adjust with the 
NDS procedure if the circumstance requires a need to change Cvr. 
The maximum shearing (following the equations for maximum shearing for the CLT option, 4.1.4.2.3.  
Horizontal Shearing: Load p. 70) occurring at the ends with updated numbers are: 
31 𝑉𝑢𝑡(0) = 4.10 𝑘𝑖𝑝𝑠 
32 𝑉𝑢𝑔(0) = 5.65 𝑘𝑖𝑝𝑠 
Capacity 








=  175 𝑝𝑠𝑖 ∗ 8.375" ∗ 5.5" ∗ 2.88 ∗ 0.75 ∗ 0.8 =  8.08 𝑘𝑖𝑝𝑠 >  𝑉𝑢𝑔 





Fortunately, unlike CLT, the deflection for a tapered glulam beam is given in NDS.  The load for deflection 
that will be used is: 
45 𝑤 =  𝐷𝐿 + 𝐿𝑅 = 522 𝑝𝑙𝑓 
The Young’s Modulus, E, for a glulam beam is 1600 ksi according to the NDS for the glulam we are choosing.   
The moment of inertia I, will be taken about the strong axis, and so the parallel axis theorem is not necessary.  
For a tapered glulam beam, NDS provides the equation: 
52 𝐼 =  1 12⁄ ∗ 𝑏 ∗ 𝑑𝑒𝑞𝑢𝑖𝑣
3  (NDS 5.4-4) 
Where  
97 dequiv = The equivalent depth of a tapered or curved glulam beam 
Given by the equation: 
53 𝑑𝑒𝑞𝑢𝑖𝑣 = 𝐶𝑑𝑡 ∗ 𝑑𝑒 (NDS 5.4-6) 
Where 
98 Cdt = An empirical constant  
This constant, since it is empirical, is derived from a relationship of equations for deflection of tapered 
straight beams and prismatic beams.  Cdt is given by the equations: 
54 𝐶𝑑𝑡 = 1 + 0.66𝐶𝑦 if Cy is between 0 and 1 (NDS 5.4-6) 
and 
55 𝐶𝑑𝑡 = 1 + 0.62𝐶𝑦  if Cy is between 1 and 3 (NDS 5.4-6) 
Where  
99 Cy = The ratio of difference in edge and center depth to center depth 
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Given by the equation: 
56 𝐶𝑦 =  
𝑑𝑐−𝑑𝑒
𝑑𝑒
= 11.3  (NDS 5.4-6) 
Note, this is beyond 3, so the bounds will not apply.  However, in order to be within the bounds, de would 
need to be 16” which is excessive considering the capacity rises on the fourth order with respect to de’s 
increase and both shearing and bending already pass.  Deflection is, as stated earlier, a serviceability criterion 
and not a failure criterion, so this check is not as necessary as the others. 
Looking at the equation for Cdt, it is a little odd that it is not continuous, there is no derivation, and that it 
ends at 3.  As stated in the NDS, this equation is empirical, and so the absence of any values after 3 most 
likely means there was a lack of tested data in that range (American Wood Council, 2014).  While it would 
be ambitious to start making assumptions on what the Cdt equations would be after 3, we will continue 
working through the deflection procedure and comment on the impact of the lack of data at the end.  To 
compensate, we will say that Cdt = 1+ 0.5 x Cy above 3.  This might be too conservative, but perhaps deflection 
will already pass. 







When compared with the maximum deflection of 0.8” found earlier, it appears that the deflection would still 
be nowhere near enough to raise alarm if a more liberal approach was taken to the Cdt assumption we made.  
The deflection is very safe and there is no chance of sagging!   
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4.1.4.4.1. Overview and Loading 
One of the other glulam solutions is the curved beam, another very common option practiced in the industry.  
Many of the principles are the same, but rather than being a solid triangular beam, this beam is curved on the 
underside.  This adds an aesthetic feel but comes at a more difficult cost of manufacturing and calculation.  
The procedure is like the previous glulam option explored, but with more involved bending calculations and 
geometry.  Figure 31 shows the final desired curved glulam beam: 
 
Figure 31.  Curved glulam beam 
The first divergence here between the tapered glulam beam and this one is the area AB of the beam.  The area 
of the roof beam is a complicated shape (triangular section with an arc cut out), and so the formula will 
require several steps: 
1. First, we need to break up the roof beam into three parts: the top (1), internal triangle (2), and arched 




Figure 32.  Half of curved glulam beam as three seperate shapes 
2. After breaking this shape into three areas, the total area of the beam is the sum of the smaller areas: 
57 AT = 2(A1 + A2 + A3) 
Where  
100 AT = The total cross-sectional area  
101 A1 = The area of the top section 
102 A2 = The area of that smaller triangle 
103 A3 = The area of the arc 
Each of these three areas is given by: 
58 𝐴1 = ℎ ∗ 𝐿𝑅 
 













Figure 34.  Shape 2 of the curved glulam beam.  Corresponds to Equation 59 
With  
105 a = Short side of triangle for Area 2 
106 b = Long side of triangle for Area 2 
And finally, 
60 𝐴3 = 𝑏 ∗ 𝑅 −
Θ
360°
∗ 𝜋 ∗ 𝑅2 
 







107 R = The radius of the segment shown in Figure 35 
108 Θ = The roof slope 
These values are given by the equations: 
61 ℎ = cos(Θ) ∗ 𝑑𝑒 
62 𝑎 =  𝑑𝑐 − 𝑑𝑒 











de For this example will be 13.8” (remember, laminations are placed at angle 𝛩, so this number is 
not divisible by the lamination thickness, but the perpendicular distance is divisible by the 
lamination thickness), and dc is 30.3”, this leads to: 
61 ℎ = 12.4" 
62 𝑎 =  16.4" 
63 𝑏 =  32.8" 
64 𝑅 =  11.6′ 
58 𝐴1 = 9.22 𝑓𝑡
2 
59 𝐴2 = 1.87 𝑓𝑡
2 
60 𝐴3 = 0.570 𝑓𝑡
2 




3. Now that we have the area of the beam, the weight of the beam can be found to be: 
20 RB = 23.4 plf 
19 DL = 308 plf 
Just like the other options, the tornado uplift will be used for the live load, which is 825 plf.  For the gravity 
condition, it is not assumed that people will be walking and using the roof, so we will use ASCE 7’s 





The equations for the maximum bending moments are the same, except that the highest bending moment will 
occur in the middle, making the equations and values:  
25 𝑀𝑢𝑡 (𝑥 =
𝐵
2












) = 16.8 𝑘′ 
26 𝑀𝑢𝑔 (𝑥 =
𝐵
2













) = 22.1 𝑘′ 
Capacity 






′  (NDS 5.4-2) 
Where  
109 𝐾𝜙 = An empirical bending stress shape factor  
Given by the equation: 
66 𝐾𝜙 = 1 + 2.7 tan(Θ) = 2.35 (NDS 5.4-2) 
The adjusted bending strength, F’b, is almost the same, except the adjustment factor Cv, given by: 




















Is different, since the average height is different.  Cv in this scenario is 0.980, which then brings the final 
bending strengths to be 695 psi for the tornado condition and 974 psi for the gravity condition.  Using these, 
the moment capacities are 20.7 k’ for the tornado condition and 29.0 k’ for the gravity condition. 
Both maximum moments are smaller than the capacities, so the beam should pass!  However, the beam in 
this configuration also needs to resist radial stresses given the curved nature.   
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4.1.4.4.3. Radial stresses 
Load 
The loading is identical to the bending load.  See: Load from 4.1.4.4.2.  Bending on p. 96 
25 𝑀𝑢𝑡 (𝑥 =
𝐵
2
) =  16.8 𝑘′ 
26 𝑀𝑢𝑔 (𝑥 =
𝐵
2
) =  22.1 𝑘′ 
Capacity 
In this configuration, it is necessary to determine if the beam will fail in radial stress.  The radial stress 






 (NDS 5.4-3) 
Where 
110 𝜙𝑅𝑀𝑛 = Radial stress capacity 
111 F’r = The adjusted radial strength 
112 Krs = An empirical radial stress factor 
113 Crs = An empirical load-shape radial stress reduction factor  
They are given by the equations: 
68 𝐹𝑟
′ = 𝐹𝑟 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 (NDS Table 5.3.1) 
69 𝐾𝑟𝑠 = 0.29 (
𝑑𝑒
𝑅𝑚
) + 0.32 𝑡𝑎𝑛1.2(Θ) (NDS 5.4-3) 
70 𝐶𝑟𝑠 = 0.27 ln (tan(Θ) + 0.28 ln (
𝐵
𝑙𝑐
) − 0.8 ∗
𝑑𝑐
𝑅𝑚
+ 1 (NDS 5.4-3) 
With K = 2.88 and 𝜙 = 0.75,  
114 Fr = The unadjusted radial strength 
115 Rm = The radius of curvature at center line of member  
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116 lc = The length between the tangent points 
These are given by the equations: 
71 𝐹𝑟 =  
1
3
𝐹𝑣 = 100 𝑝𝑠𝑖 (Southern Yellow Pine) (NDS 5.2.8) 
72 𝑅𝑚 = 𝑅 +
𝑑𝑐
2
= 12.8′ (NDS 5.4-3) 
73 𝑙𝑐 = 2 ∗ 𝑅 ∗ sin(Θ) = 10.4
′ 
Which gives: 
69 𝐾𝑟𝑠 = 0.165 
70 𝐶𝑟𝑠 = 0.777 
68 𝐹𝑟𝑢𝑡
′ = 216 𝑝𝑠𝑖 
67 𝜙𝑅𝑀𝑛𝑡 = 117 𝑘
′ 
68 𝐹𝑟𝑢𝑔
′ = 173 𝑝𝑠𝑖 
67 𝜙𝑅𝑀𝑛𝑔 = 94.0 𝑘
′ 
Both capacities are greater than the largest bending moments, meaning the curved glulam beam passes the 





The maximum shearing occurring at the ends following the shearing equations for the other beams (See: 
Load from 4.1.4.2.3.  Horizontal Shearing p. 70) are: 
31 𝑉𝑢𝑡(0) = 4.21 𝑘𝑖𝑝𝑠 
32 𝑉𝑢𝑔(0) = 5.52 𝑘𝑖𝑝𝑠 
Capacity 








=  175 𝑝𝑠𝑖 ∗ 15.4" ∗ 5.5" ∗ 2.88 ∗ 0.75 ∗ 0.8 =  26.3 𝑘𝑖𝑝𝑠 >  𝑉𝑢𝑛 









3  (NDS 5.4-4) 
Where w is given by: 
45 𝑤 =  𝐷𝐿 + 𝐿𝑅 = 508 𝑝𝑙𝑓 
The Young’s Modulus, E, for this particular glulam beam is 1600 ksi according to the NDS for the glulam 
we are choosing.  However, to adjust the Young’s Modulus, we need to multiply it by CM and Ct.  Since both 
are 1, E’ = E = 1600 ksi. 
Like the deflection procedure from the previous glulam option, we need to find dequiv.  However, dequiv is now 
given by the equation: 
75 𝑑𝑒𝑞𝑢𝑖𝑣 = (𝑑𝑒 + 𝑑𝑐) ∗ (0.5 + 0.735 ∗ tan(Θ)) − 1.41 ∗ 𝑑𝑐 ∗ tan(Θ) = 16.9" (NDS 5.4-4) 
Allowable Deflection 




4.1.4.5.  Comparison of solutions 
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The three short-span solutions are all comparable from aesthetics, performance (to an extent) and geometry 
for connections perspectives.  The two tapered options (CLT and Glulam option 1) of roof beams chosen are 
around 1,800 - 2,000 pounds of additional weight in wood, while the curved glulam beam is around 1,100 
pounds of additional weight.  In the next section, connections will be discussed, but looking ahead, these 
beams also have similar connections, all requiring brackets to connect to the walls as well as fasteners to 
connect the roof to the beam. 
Below are some of the renderings to get an idea of how these solutions look.  Seeing as these three are 
comparable, a decision between them might simply come down to simple interest in appearance (if the 
assumptions used in the CLT solution are to be taken as accurate). 
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4.1.4.5.2. Renderings of options 
 
Figure 36.  CLT roof beam 
 




Figure 38.  Curved glulam roof beam 
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4.1.4.5.3. Numerical comparison 
Table 9 is a tabular breakdown of the performances of the three beam options as well as the roof and wall 
performances: 
 
Table 9.  Numerical performance comparison of three roof solutions 
CLT Tapered Glulam Curved Glulam
Capacity 99.93 3.48 22.51
Loading 7.42 2.56 17.49
Ratio 13.47 1.36 1.29
Capacity 79.95 4.95 31.68
Loading 8.01 3.53 22.14







Capacity 8.84 10.10 36.53
Loading 4.08 4.10 4.37
Ratio 2.17 2.46 8.35
Capacity 7.07 8.08 29.22
Loading 5.69 5.65 5.54







Allowable 0.80 0.80 0.80
Load 0.02 0.05 0.16






Depth at ends (in )
Depth at center (in )













Radial Stress (kip-ft )
Horizontal Shearing (kip )
Rolling Shearing (kip )
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4.1.4.5.4. Wall over windows 
It should be noted that in many cases it might be important to see if a window can work in its placement.  
The windows have been conveniently placed not under the roof beams, but in the future, it might be difficult 
to avoid.  The tensile strength of CLT has been examined earlier, but comparing it to the uplift load of one 
roof beam:  
15 𝐹𝑡(𝐴)
′ = 𝐹𝑡(𝐴) ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆 = 550 𝑝𝑠𝑖 ∗ 2.7 ∗ 0.8 ∗ 𝐴 = 1190 𝑝𝑠𝑖 ∗ 𝐴 ≥ 𝑈𝑝𝑙𝑖𝑓𝑡 
The uplift on one side of the roof beam is around 4.1 kip depending on the roof solution (see: 4.2.2.2.  Z-
Direction from 4.2.  Connection Loads.  on p. 117), meaning the area needs to be: 
15 1190 𝑝𝑠𝑖 ∗ 𝐴 ≥ 𝑈𝑝𝑙𝑖𝑓𝑡 → 𝐴 = 3.45 𝑖𝑛2  
The thickness of the laminae working in the direction desired is a combined 2.75”, making the required length 
to keep the panel from failing in tension 1.25”.  If CLT adheres to a conic tear-out section, then this lies well 
within those boundaries, meaning for this example, even if windows were directly placed under the roof 




4.1.5. Adjusted roof  
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4.1.5.4.  Rolling Shear        111 
 





The roof beams were added because the roof was insufficient to resist the tornado loading.  Now that the roof 
beams have been added, the roof panels need to be reevaluated against the tornado loading.  As the equations 





The ultimate moment on the roof panels is given as: 




80.3 𝑝𝑙𝑓 ∗ (10′)
2
8
= 1.00 𝑘′ 
Capacity 
See: Load from 4.1.2.1.  Bending p. 47. 
11 𝐹𝑏(𝑆)
′ =  3.76𝑘′ > 𝑀𝑢 = 1.00𝑘
′ 
So, the roof panels pass! 
110 
 
4.1.5.3. Horizontal Shear 
Load 







= 0.401 𝑘𝑖𝑝𝑠 
Capacity 
See: Load from 4.1.2.2.  Horizontal Shear p. 50 
13 𝐹𝑣(𝑡𝑣)
′ =   6.24 𝑘𝑖𝑝𝑠 >  𝑉𝑢  =  0.401 𝑘𝑖𝑝𝑠 
The roof panels pass horizontal shear! 
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4.1.5.4. Rolling Shear 
Load 




= 0.401 𝑘𝑖𝑝𝑠 
Capacity 
See: Load from 4.1.2.3.  Rolling Shear p. 52 
14 𝜙𝑅𝑛
′ =   3.78 𝑘𝑖𝑝𝑠 >  𝑉𝑢  =  0.401 𝑘𝑖𝑝𝑠 





The deflection for the roof is given by: 







=  0.190” 
Allowable Deflection 
And the allowable deflection is:  






= 0.5” >  𝛥 
The roof passes the deflection check! 
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4.2. Connection Loads 
A process for finding the loads on connections. 
 
4.2.1.  Overview         114 
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At this point, we are ready to start determining where connections will occur and what their loads are.  The 
two wind pressures here are the design roof uplift pressure and the design horizontal pressure found in the 
wind pressure section, and it will be assumed the reader has referenced that section before reading this 
section.  It should be noted that this research is not seeking to detail connections, but rather to show the loads 
acting on the location of connections.  The reader is therefore encouraged to use whatever connections their 





4.2.2.1.  Overview       116 
 
4.2.2.2.  Z-Direction       117 
 
4.2.2.3.  Planar Direction       118 
 





The first kind of connection to be discussed are bracket connections (See Figure 39).  These connections 
connect the roof beams to the walls and serve to keep the roof beams from moving parallel to the wall (up, 
down, or side-to-side) as well as keep the wall panels from moving into the out-of-plane direction by wall 
wind forces.  This section is broken up into three main parts: The Z-Direction (uplift and gravity conditions), 
horizontal planar direction, and out-of-plane direction.   
 




Because this will focus on brackets moving in the vertical direction, different calculations will be given for 
the different roof beams explored in the section on roof beams under member capacities.  Using ASCE 7-16 
load combinations, the equation for the ultimate load on the roof beams spanning in the short direction is 
given by the equations: 










77 𝑅𝐵𝐿𝑔𝑟𝑎𝑣𝑖𝑡𝑦 = 1.2 ∗ 𝐷𝐿𝑥 ∗
𝐵
2






∗ 20 𝑝𝑠𝑓 
Where  
117 RBL = The ultimate load on the roof bracket 
DL is the dead weight of the beam (found earlier in the member capacities section), B is the span of the beam 
(=16’),  
118 R = The number of roof beams 
For this structure, R = 3 since the span is 10’, Ar = 640 ft, and pr = 80.3 psf.  Using these equations gives 
Table 10: 
 
Table 10.  Loads on roof beam brackets in Z-direction 
Ultimate load (kip ) Tornado Gravity
CLT 4.08 5.69
Tapered Glulam 4.10 5.65
Curved Glulam 4.21 5.52
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4.2.2.3. Planar Direction 
The planar direction connection failure for the brackets requires an assumption stating that the load on the 
connection is proportional to the ratio of the roof hypotenuse to the perimeter of the entire wall normal to the 









119 P = The perimeter of the edge wall 
120 AW = The area of the wall 
And pw is the maximum horizontal wind pressure.  The values mentioned are 51.9’, 176 ft2, and 73.0 psf 
respectively.  The ultimate load for the bracket in planar direction then is 738 lbs.  regardless of which roof 




The out-of-plane failure is a straightforward process compared to the other two in that is simply a means of 
finding out how much force is exerted on the bracket by the horizontal wind pressure (suction or direct) 
against the panel it is attached to.  Of course, this is assuming the panel and the bracket act on a tributary area 
interaction.  The equation given by the ultimate load on these brackets in the out-of-plane direction is: 
79 𝑅𝐵𝐿 = 𝑝𝑤 ∗ ℎ ∗ 𝑤 
Where h is the height of said panel and w is the considered width.  For the brackets accommodating short-
span roof beams, h is 9’ (the eave height) and w is 10’ (the center-to-center span of the roof beams).  This 





4.2.3.1.  Overview        121 
 
4.2.3.2.  Wall to wall        122 
 





Fasteners for CLT and other mass-timber solutions are usually either screws or nails.  As this section is 
primarily concerned with loads on the connections, we will leave it open ended as to whether screws or nails 
should be used.  Fasteners will be used to find the loads on connection where two panels meet on a line, 
rather than at a point.  Such locations include wall to wall splines (both along a single wall, and at corners) 
and roof to roof beams and walls.  The loads for these fasteners are all found using the tornado loading 
condition and are given in lbs./ft.  as the fasteners are not at a set interval.   
The fasteners for the wall to wall using splines requires some rocking calculation with assumptions such as 
modeling the walls like beams in a free body diagram from statics.   
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4.2.3.2. Wall to wall 
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This section involves what is known as rocking action, which is the interaction force caused by two adjacent 
panels “rubbing” against each other when a horizontal force is acting on the structure.  It is assumed that the 
connection between the panels is a lap spline.  There are two kinds of connections in this section to be 
discussed, with one being between adjacent walls on the long wall, and the other being at the corners.  As the 
short walls are one panel each, there is no need to add another section, however, in larger geometries, this 
might be necessary (see appendices).  The simplest way to perform these calculations is to treat the wall as a 
beam in a free-body-diagram, and “cut” the beam along the lines where the panels meet.  As mentioned 
earlier, there is unfortunately not much literature on how to handle the design of CLT panels with a hole 
(window) in the center or a hole (door) from one of the sides inward, so while it is not conservative to ignore 
the door, it can provide a ball-park range as well as provide a comprehensible process for replication. 
The lengths of the panels are all 16’ except for the middle panel on the long side, which is 8’. 
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4.2.3.2.2. Between long walls 
Along the long wall, the beams occur at 10’ (10’ into the first panel), 20’ (halfway into the second panel), 
and 30’ (6’ into the third and final panel).  The shear in between the wall panels will equal: 
80 𝑉 = max(𝐶1 + 𝑇2, 𝐶2 + 𝑇3) 
Where  
121 V = The shear 
122 Cx = The compression (right side) shear along the panel edge 
123 Tx = The tension (left side) shear along the panel edge 
Of course, this gets more complicated the more wall panels are added, but fortunately for right now, only this 
small 40’ x 16’ structure is analyzed.  Below in Figure 40 is a diagram showing the free body diagrams 
assumption that will be followed for these calculations: 
 
Figure 40.  Free body diagram for rocking action 
Wind approaches the building from the side in A.  Note the triangular section above the roof line represents 
the area that the wind hits on that wall.  Since that wall is essentially a triangle atop a rectangle, there is a 
triangle sized force over a rectangular sized force.  The arrows pointing upwards in B are the loads coming 
from the beams during uplift.  The edges are half the size as those in the middle as only half the load on a 
panel gets assigned to the edges while two halves of the load on a panel gets assigned to beams in the middle.  
D is the hold-down force to counteract the uplift.  This comprises of the weight and brackets on the bottom 













































(more on this later).  To reconcile the forces in the y direction, the hold-down force is assumed to equal the 
uplift force for the free body diagram.  Of course, there is a doorway that takes up about half of the panel, so 
we will need to consider this into the equations.  When horizontal load is going from one panel to another in 
E, the triangular load gets absorbed into the rectangular section (the blocks are taller for easier visualization).  
The horizontal load leaves the building in F, but to balance out the horizontal loads, there is a hold-down 
force working in the opposite direction in G.  While it is not an accurate approach from ASCE 7-16 to say 
that that A and F are equal, or that the arrows in B are equal, it is a conservative approach and allows the 
reader to better understand how the mechanics of this process work.  The arrows labeled C and T are the 
compression and tension loads in the fasteners.  An extra “R” or “L” is added in the nomenclature for the 
middle panels to denote which side of the panel the door is on.   










































































Where pw is the maximum horizontal wind pressure found earlier (=73.0 psf), 
124 Σ (A x L) wind = The sum of areas and moment arm products to generate a moment  
Given by the equation: 
89  Σ(𝐴 ∗ 𝐿)𝑤𝑖𝑛𝑑 = 𝐴1 ∗ 𝐿1 + 𝐴2 ∗ 𝐿2 = ((
𝑏
2













(𝑚𝑎𝑥ℎ − 𝑚𝑖𝑛ℎ)) = 489.  𝑓𝑡3 
125 UL = The uplift load at each beam 
Given by: 
90 𝑈𝐿 = 𝑝𝑟 ∗ 𝑠 ∗ 𝐿𝑅 ∗ cos(𝜃) = 80.3 𝑝𝑠𝑓 ∗ 10′ ∗ 8.94′ ∗ cos(26.60) = 6.40 𝑘𝑖𝑝𝑠 
And 
126 HD = The distributed hold-down force along the bottom of the panel  
Given by: 






= 714 𝑝𝑙𝑓 
b is the panel length (=16’ for first and third panels and 8’ for center panels),  
127 d = The width the door is rendering useless along the floor 
And minh and maxh are predefined heights of the structure (9’ for the eave height minh and 13’ for maximum 
height maxh).  Using these equations, we get:  
81 𝐶1 = 684.  𝑝𝑙𝑓 
82 𝐶𝑅2 = 714.  𝑝𝑙𝑓 
83  𝐶𝐿2 = 873.  𝑝𝑙𝑓 
84 𝐶3 = 506.  𝑝𝑙𝑓 
85 𝑇1 = 468.  𝑝𝑙𝑓 
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86 𝑇𝑅2 = 1110 𝑝𝑙𝑓 
87 𝑇𝐿2 = 1270 𝑝𝑙𝑓 
88 𝑇3 = 308.  𝑝𝑙𝑓 
Using these, the maximum shearing load between the wall panels is 1,950 plf which will occur between the 
first and second panel.   
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4.2.3.2.3. Corner seams 
Since the wall is a single element, the external vertical forces do not need to be present in the moment 
calculations as they will simply cancel each other out.   
The maximum shear in the corners is given by: 
92 𝑉 = max(𝐶𝑒𝑑𝑔𝑒 + 𝑇1, 𝐶3 + 𝑇𝑒𝑑𝑔𝑒) 
We have found C3 and T1 before, but now we need to find the compression and tension shears for the edges.  









= 205.  𝑝𝑙𝑓 
94 𝑇𝑒𝑑𝑔𝑒 = 𝐶𝑒𝑑𝑔𝑒 = 205.  𝑝𝑙𝑓 
Which brings the maximum shearing along the panels to be 711.  plf which occurs at the connection between 
the last wall in the direction of wind and the wall opposite the head wind.  Of course, this is under the 
assumption that the maximum horizontal wind force occurs on all the walls simultaneously, which does not 
happen in the modeling procedure provided by ASCE 7-16.  However, as this is very early research on the 
topic, it is okay to add conservative steps.   
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4.2.3.3. Roof to the rest of the structure 
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It might be a little unusual to model this fastener connection as a panel set to two different members, but as 
all the fasteners lie in the same plane, and will most likely be the same fastener, it only simplifies the 
calculations and saves a lot of trouble figuring out what fraction of the load one group is receiving over 
another group.  If this was to be broken up into roof to roof beams and roof to walls, tributary areas and span 
directions would need to be reconciled with each other which seems to be a more experimental and conceptual 
rather than typical approach to designing mass-timber solutions as single-directional systems.  For these 
fasteners, the two main criteria are shearing (the panel moving in a planar direction) or tear-out (the panel 




The failure load for wind flowing parallel to the ridge is:  








128 FL = The load on the fasteners  
AW is the area of the wall the wind is against, PW is the perimeter of the wall, and  
129 ΣF = The sum of all the fastener lengths resisting failure 
This would be LR times double the number of roof beams plus two more LR’s and the length of the roof 
which amounts to 112. ft.  See Figure 41 below for visual explanation. 
 
Figure 41.  Diagram explaining ΣF.  The red lines are fastener locations along the roof 
The failure load for wind flowing perpendicular to the to the ridge is: 
132 
 




Where θ is the roof slope angle, L is the length of the building, maxh is the maximum height of the roof, and 
minh is the eave height.  Using previously found values, we come up with Table 11: 
 
Table 11.  Shearing loads for fasteners 
Clearly the wind flowing perpendicular to the ridge creates a much larger load, so we will use 93.6 plf for 
the load on this connection. 
Direction of wind
Parallel to ridge 19.85






This calculation is much simpler as it is simply taking the load applied to the roof and dividing it by the 








All these values have been mentioned before, so the results can be easily quantified as 209.  lbs/ft. 
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4.2.4.  Hybrid brackets 
 
4.2.4.1.  Overview        135 
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4.2.4.3.  Planar Direction        137 
 





This connection is called a hybrid connection because it will be a bracket, but the load will be given as lbs./ft 
because like the fasteners, it will be distributed at an undetermined interval in a line.  These connections 
connect the floor to the rest of the structure.  However, much like brackets, they have three-major directions 
relative to the panels they are fastened to: Z-Direction (up), planar, and out-of-plane.  The suggestion is to 
use exterior hold-downs.  However, if an interior connection can be used and guarantee the walls will not be 
suctioned out, that connection might be acceptable as well.   
 




Unlike the brackets, these do not need to resist the gravity force, as these are fastened to the ground, and for 
the purpose of this research project, the foundation is considered rigid.  The main concern is ensuring the 
structure will not fly away into the vortex of the tornado from the uplift pressures.  This means that this failure 






130 HL = The load on the hybrid connection 
131 SW = The weight of the CLT exterior panels minus the roof structure (which vary by roof 
beam option) 
132 RWx = The weight of the roof panels by solution 
133 PF = The perimeter of the floor 
Shell weight is equal to: 
99 𝑆𝑊 = 2(𝐿𝑜𝑛𝑔 𝑤𝑎𝑙𝑙 𝑎𝑟𝑒𝑎) + (𝑆𝑖𝑑𝑒 𝑤𝑎𝑙𝑙 𝑎𝑟𝑒𝑎) + (𝑅𝑜𝑜𝑓 𝑎𝑟𝑒𝑎)) ∗ 𝑡𝐶𝐿𝑇,3−𝑝𝑙𝑦 ∗ 𝛾𝐶𝐿𝑇 = 2(40′ ∗
9′ + 16′ ∗ 11′ + 40′ ∗ 8.94′) ∗ 4.125" ∗ 35
𝑙𝑏𝑠
𝑓𝑡3
= 21,500 𝑙𝑏𝑠 
And the perimeter is just 40’ + 16’ + 40’ + 16’ = 112’.  Plugging in the numbers gives Table 12: 
 
Table 12.  Hybrid bracket Z-direction loads 
Roof option Weight Loads (lbf /ft )
CLT 1973.13 270.10
Tapered Glulam 1812.71 271.39
Curved Glulam 1122.75 276.94
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4.2.4.3. Planar Direction 
This is sort of like (and will take place of) sliding failure, in that, as wind pushes against or pulls away from 
a wall, the force must be resisted by the sides of the wall parallel to the wind force being considered.  The 
equation for this is: 







The reason for 2 being present is this is on the scale of the entire structure, as wind is against one side, it will 
be against the opposite side as well in the opposite direction.  To prevent sliding or being ripped apart, the 
connections must resist the load from both directions.  While the other side will not have the same magnitude 
force as the maximum horizontal wind pressure, it is safe and simpler to consider that the two sides are both 
experiencing the maximum wind pressure.  With the ratio minh*L/B (=22.5’) being considerably smaller than 
h*B/L (=4.40’), the limit-state direction is the wind hitting against the longer wall being resisted by the brackets 
on the shorter wall.  This brings the load at 3,280 lbs/ft. 
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4.2.4.4. Out-of-plane Direction 
Lastly, the out-of-plane failure is like the out-of-plane failure for the brackets, with the exception that it is 
taken at any one given foot along the perimeter of the structure.  The equation for this failure is: 
101 𝐻𝐿 = 𝑝𝑤 ∗ ℎ 
Where h is the height of the wall.  The most severe occurrence is at halfway along the shorter side of the 




Table 13 below shows an overall view of what the loads are on the brackets.  Keep in mind there is no 
capacity, as connections are given with capacities.  As such, it is suggested that whoever is using this research 
for testing or other physical uses obtain connections as available, ensuring that they meet the load 
requirements.   
 





































An overview of what has been found from the study. 
It appears that a residential structure made from CLT (with some potentially glulam members) is capable of 
withstanding EF 3 tornadoes.  Of course, a house this size is around a quarter of the national average, and EF 
4’s and EF 5’s are still to be answered for, but this research presents strides in reaching that goal.  The panels 
for the walls all seemed to pass well through the limit-state checks, and there seems to be a lot of room and 
design variation for the roof beams.  A major reason for not picking connections and focusing on connection 
loads is that there are so many connections and oftentimes they are chosen based off predetermined business 
relationships.  With CLT being such a new product, the connection technology is changing at a rapid pace, 
and any connections I list as potential matches may be obsolete in the next few years.  I do not think we are 
quite ready for this research to become mainstream in the realm of tornado-resistance, but I certainly believe 
we are close.  Currently there is debris impact research being conducted specific to tornado debris, better 
connections are being made, and CLT is becoming more well-known.  I do not think total abolition of tornado 
deaths is possible, but I believe we are stepping ever closer to a day when people across the country, no 
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I. CAD Drawings 
Some sample architectural CAD drawings of the house 
 
Figure 43.  Short Wall Elevation 
 





Figure 45.  Floorplan at 4' elevation with roof beam and ceiling lines.  Internal walls are only a potential 









SLOPE →  SLOPE 





II. MathCAD Calculations 
A compilation of screenshots of calculations used in the Body of the research 
1. Basic Dimensions 
 
Figure 46.  Basic dimensions and info for structure 
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2. Wind Pressures 
2.1. Wind Properties 
 
Figure 47.  Basic wind properties for structure.  References are to ASCE 7-16 
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2.2. Roof Cp values 
2.2.1. Perpendicular wind flow on windward roof 
 
Figure 48.  Perpendicular to ridge wind flow Cp values for windward roof 
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2.2.2. Perpendicular wind flow on leeward roof 
 
Figure 49.  Perpendicular to ridge wind flow Cp values for windward roof 
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2.2.3. Parallel wind flow on roof 
 
Figure 50.  Parallel to ridge wind flow Cp values for roof 
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2.2.4. Final Uplift Pressure Calculation 
 
Figure 51.  Uplift design value 
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2.3. Wall Cp values 
 
Figure 52.  Wall Cp values and final design wall pressure 
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3. Structural Responses 
3.1. Member Capacities 
3.1.1. Walls and Adjusted Roof 
3.1.1.1. Bending 
 
Figure 53.  Bending for walls and adjusted roof 
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3.1.1.2. Horizontal Shear 
 
Figure 54.  Horizontal shear for walls and adjusted roof 
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3.1.1.3. Rolling Shear 
 





Figure 56.  Deflection for walls and adjusted roof 
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3.1.2. Roof Beams 
3.1.2.1. CLT Option 
3.1.2.1.1. General information 
 





Figure 58.  Bending for CLT Roof Beam 
3.1.2.1.3. Horizontal Shear 
 
Figure 59.  Horizontal shear for CLT Roof Beam 
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3.1.2.1.4. Rolling Shear 
 
Figure 60.  Rolling shear for CLT Roof Beam 
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3.1.2.1.4.1. Verification on rolling shear values 
 













Figure 64.  Graph of deflection and slope of CLT Roof Beam 
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3.1.2.2. Glulam Option 1: Tapered Beam 
3.1.2.2.1. General information 
 



















Figure 69.  Deflection for Tapered Glulam Beam 
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3.1.2.3. Glulam Option 2: Curved Beam 
3.1.2.3.1. General information 
 














Figure 73.  Bending for Curved Glulam Beam 
3.1.2.3.3. Radial Stress 
 





Figure 75.  Shear for Curved Glulam Beam 
3.1.2.3.5. Deflection 
 







Figure 77.  Bracket load in Z-Direction 
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3.2.1.2. Planar Direction 
 
Figure 78.  Bracket load in planar direction 
3.2.1.3. Out-of-plane 
 




3.2.2.1. Wall to wall 
3.2.2.1.1. Between long walls 
 








Figure 82.  Maximum shear on a long wall spline 
3.2.2.1.2. Corner seams 
 
Figure 83.  Fastener load between corner panels 
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3.2.2.2. Roof to roof beam and wall 
3.2.2.2.1. Shearing 
 
Figure 84.  Fastener shear load between roof panels and structure 
3.2.2.2.2. Tear-out 
 
Figure 85.  Fastener tear-out load between roof panels and structure 
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3.2.2.3. Hybrid brackets 
3.2.2.3.1. Z-Direction 
 
Figure 86.  Hybrid load in Z-Direction 
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3.2.2.3.2. Planar direction 
 
Figure 87.  Hybrid load in planar direction 
3.2.2.3.3. Out-of-plane direction 
 




III. Shutter concept 
A brief concept for tornado resistant shutters made from CLT 
Shutters are very common throughout American residential architecture, though more often for visual appeal 
of a bygone era rather than utility.  However, this section focuses mainly on how to possibly integrate shutters 
into the design.  The main purpose shutters would serve is to protect the inside against debris impact.  Since 
this thesis does not cover debris impact, this section mainly focuses on concepts rather than actual numerical 
analysis.   
The first question to ask is whether the shutters should be on the inside or outside of the structure.  Both sides 
of the window have their advantages and disadvantages, but for tornado purposes, it is probably better to 
have them on the inside.  As tornadoes can arrive on short notice and are frequently accommodated by nasty 
weather, it is both safer and easier to have them internally.  Of course, this will mean the glass will break 
nearly every time, but the cost of glass windows is insignificant compared to not having the shutters closed 
when the tornado passes through.   
The next question is what material to use.  Since this research focuses on CLT, CLT will be suggested as a 
material.  Certainly, steel shutters could and are used, but this research focuses on CLT and its applications.  
Next, how will the CLT shutters go from unused in regular everyday life to use in tornado situations?  They 
could either be hinged or be taken off and on with fastening system.  Because there is a proclivity to misplace 
things or use them for purposes other than what they are designed for (revisit Christmas decorations in safe 
rooms), the shutters should be hinged.  In order to make the CLT shutters better fit into their respective 
locations, the edges of both the window spaces and shutters could be grooved or edged to complement one 
another.  While this makes for a sealed condition, it does add a difficulty in manufacturing.  When they are 
in the closed position, there should be a way to lock the shutters in place to keep them from flying open when 
a brick from a masonry house hits them.  Perhaps it would be best, since the windows are wide, to have them 
in two leaves with a secure latch in the middle to secure their position.   
For a visualization, what has been described so far would look a bit odd, as a three panel CLT shutter is 
closing a hole in the CLT.  If there was no glass in the window, this could work without being out of place 
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aesthetically.  But since the window needs to have glass, the CLT shutter would be offset a little bit, perhaps 
even an entire panel width or more off!  Because this is an engineering thesis, looks can be only be 
accommodated so far, and at some point, form follows function.  A special sealant liner could be placed 
around the window with trimmings and moldings covering the liner.  This would help the aesthetic, but it 
might still appear a little out of place.  Figure 89 shows one potential concept that could work: 
 
Figure 89.  Shutter concept.  Red circles indicate area where latches should be applied to ensure shutters 




A brief look into having overhangs for rain runoff 
1. Overview and loads 
The research itself was focused on the structural shell.  It might be useful to see that the structure could handle 
some overhang on the roof panels, for purposes of water runoff and attaching façade components.  Assuming 
that the overhang would simply be an extension of the panel and not a separate component, we will need to 
use ASCE 27.3.3 for the overhang:  
 
Figure 90.  ASCE 7-16 27.3.3 Roof overhang provisions (American Society of Civil Engineers, 2017) 
Going back to the section on wind procedures (See: 3.  Calculating the wind pressures from Chapter 3: Design 
Process and Results on p. 30), we will need to reuse Equation 3: 
𝑝 = 𝑞(𝐺𝐶𝑝 − 𝐺𝐶𝑝𝑖) 
q we already know is 50.3 psf, G is still 0.908, and GCpi is still ± 0.18.  However, Cp will just change to 0.8, 
rather than going through the interpolations.  Going through the equations, the only two pressure values we 
get are 45.6 and 27.5 psf.  Clearly the 45.6 psf is bigger, so we will multiply that one by the Tornado Factor 
of 1.6 as used earlier, and we get 73.0 psf.  Then, that pressure is added to the uplift pressure as stated in 
ASCE 7-16 27.3.3 to get a total of 153 psf.  Figure 91 on the next page shows the example house we have 




Figure 91.  Example structure with 1' overhangs 
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2. Limit States 
2.1. Bending 
Load 
In a cantilever situation as this one, the ultimate bending moment is given by the equation: 




Using w = 153 plf (153 psf multiplied by a foot of tributary area) and an overhang length of 1’, the ultimate 
bending moment is 76.6 p’ 
Capacity 
Using the standard moment capacity for CLT we found earlier (See: 47 from 4.1.2.1.  Bending on p. 47) of 
3.76 k’, the overhang passes the bending test by nearly a factor of 50! 
2.2. Horizontal Shear 
Load 
In a cantilever situation as this one, the ultimate horizontal shear is given by the equation: 
1210 𝑉𝑢 =  𝑤 ∗ 𝑙 
Using w = 153 plf (153 psf multiplied by a foot of tributary area) and an overhang length of 1’, the ultimate 
horizontal shear is 153 lbf. 
Capacity 
Using the standard horizontal shear capacity for CLT we found earlier (See: Capacity from 4.1.2.2.  
Horizontal Shear on p. 50) of 6.24 k, the overhang passes the bending test by over a factor of 40! 
2.3. Rolling Shear 
Load 




Using the standard horizontal shear capacity for CLT we found earlier (See: Capacity from 4.1.2.3.  Rolling 
Shear on p. 52) of 3.78 k, the overhang passes the bending test by nearly a factor of 25! 
2.4. Deflection 
Load 
The distributed load on the overhangs is given by the equation: 
45 𝑤 = 153 𝑝𝑠𝑓 ∗ 1′ = 153 𝑝𝑙𝑓 
And the deflection for a cantilever beam is given by this equation: 




Since the distributed load is 153 plf, the length is 1’, and the stiffness is 95 x 106 lbf x in2, the maximum 
deflection is 3.48 x 10-4 in 
Allowable Deflection 
Comparing this to a maximum allowable deflection of: 
18 𝛥𝑚𝑎𝑥 =  
𝑙
240
=  0.05" 
Meaning the overhang passes deflection by a factor of over 140! 
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V. Long-Span Roof Beam 
A brief look into using a beam spanning the long-direction inside the house 
1. Overview and Loading 
As mentioned earlier, this option is being presented mainly as an example, rather than a suggestion.  Because 
of the nature of this configuration, the connection loads across brackets and roof to roof beam and walls will 
be considerably higher, though the results for the connection loads will not be numerically presented.  There 
is a potential to create a massive beam running along the span of the roof, as well as a massive column(s) in 
the middle of the house, which after a certain point can become unsightly.  In addition, when larger houses 
are considered, the need to add long-span beams becomes more necessary, furthering the number of columns 
in a residential house which take up valuable square footage, and undermine the safe-room concept this 
research is attempting to achieve.   
This option is a rather simple option as it just places a column in the middle of the floorplan and spans to 
rectangular glulam beams from the column to the edge walls.  This should result in a lighter structure, but 
perhaps at the risk of requiring stronger connections.  Figure 92 is a picture of what the beam would look 
like: 
 
Figure 92.  The glulam beam spanning the long direction 
The loads are the first step to finding out the bending capacities, and since this orientation is normal (90o) to 
the other three options, the loads will be found through similar equations but with very different numbers.  
The only steps shown in this section are those which the numbers differ on. 
RB for the dead load of the beam is given by a simple: 
20 𝑅𝐵 =  𝑏 ∗ 𝑑𝑒 ∗ 𝛾 
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Where de for this example is 16.5” (to ensure no split laminations), and b is 3.125” (this is typically accepted 
to be the narrowest glulam available, and this condition satisfies the common practice of d/b < 7), giving an 
RB of 12.5 plf.   
The weight of the Roof over the beam (ROB) is given as: 
22 𝑅𝑂𝐵 =  𝐿𝑅 ∗ 𝑡 ∗ 𝛾 = 108 𝑝𝑙𝑓 
And S is the superimposed dead load of 15 psf over a span of LR (=8.94’), which means S = 134 plf, and the 
total dead load is 254 plf.  The reason just one roof length (hypotenuse) is chosen is because in this 
configuration, the roof panels will span with the strong axis between the eave and the roof apex and so half 
of the tributary area will be transferred to the walls.   
Next, the live loads are: 
𝐿𝑟(𝑡𝑜𝑟𝑛𝑎𝑑𝑜) = 80.3 𝑝𝑠𝑓 ∗ 𝐿𝑅 =  718 𝑝𝑙𝑓 
𝐿𝑟(𝑛𝑜𝑟𝑚𝑎𝑙) = 20 𝑝𝑠𝑓 ∗ 𝐿𝑅 = 179 𝑝𝑙𝑓 
And the distributed loads over the beam are: 
𝑤𝑢(𝑡𝑜𝑟𝑛𝑎𝑑𝑜) = 0.9 ∗ 𝐷𝐿 − 𝐿𝑟 = 489 𝑝𝑙𝑓 




The equation for the maximum moment for a simply supported member is: 








Which, for the tornado condition is 24.5 k’ and for the gravity condition is 29.6 k’.   






Where F’b is the same as before, except that CI and Cv are both 1, CI because the beam is not tapered and Cv 
because: 




















This means that: 
27 𝐹𝑏𝑡
′ =  𝐹𝑏 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐶𝐿 ∗ 𝐶𝑉 ∗ 𝐶𝑓𝑢 ∗ 𝐶𝑐 ∗ 𝐶𝐼 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆𝑡 = 4320 𝑝𝑠𝑖 
27 𝐹𝑏𝑔
′ =  𝐹𝑏 ∗ 𝐶𝑀 ∗ 𝐶𝑡 ∗ 𝐶𝐿 ∗ 𝐶𝑉 ∗ 𝐶𝑓𝑢 ∗ 𝐶𝑐 ∗ 𝐶𝐼 ∗ 𝐾 ∗ 𝜙 ∗ 𝜆𝑔 = 3450 𝑝𝑠𝑖 
47 𝜙𝑀𝑛𝑡 = 51.0 𝑘
′ 
47 𝜙𝑀𝑛𝑔 = 40.8 𝑘
′ 




For this configuration, the shear load is the amount of load on the beam divided by the two connections and 
the shear capacity is found with the NDS. 
The shear load for the two situations are given by: 






= 4.89 𝑘𝑖𝑝 






= 5.91 𝑘𝑖𝑝 





′ ∗ 𝑑 ∗ 𝑏 
F’v is the same as earlier (648 psi for tornado condition and 518 psi for gravity condition), giving a final shear 

































So, the beam passes deflection as well!  The beam should not sag under gravity conditions. 
195 
 
5. A Note on Connections 
A table of connection strengths are tabulated below with a comparison to the short span options in Table 14.  
The “Difference” column takes the average of the short-span solutions and compares it to the long-span 
glulam option; a positive value means it must resist more load. 
 
Table 14.  Comparison of Lang-Span and Short-Span roof beam connections 
Most of the connections are similar except the out-of-plane load on the bracket.  This load is extremely 
different because the load on the bracket is made by wind exerting a suction force on the wall and the section 
of the wall belonging to the bracket in the short-span configuration is much smaller (height of the structure x 
roof beam span = 9’ x 10’ = 90 ft2) than the section of the wall belonging to the bracket in the long-span 
configuration (average height of the end wall x width of the end wall = 11’ x 16’ = 176  ft2).   
Tapered CLT Tapered Glulam Curved Glulam Long-Span Glulam Difference
Tornado 4.08 4.10 4.21 4.13 0%
Gravity 5.69 5.65 5.52 5.61 0%
12.85 96%
NA NA
Long wall 1.49 -24%
Corner Spline 0.70 -1%
Shear 0.11 11%
Tear-out 0.24 14%










Advantage of Short-Span over Long-Span
Out of plane
Planar













6. A final note on the Long-Span Option 
It is important to see that none of these calculations considered the column or the column connection.  While 
glulam columns are quite common in mass timber architecture, an internal support takes away from both the 
idea of an exterior shell safe-room as big as a house as well as the emphasis on using CLT.  The argument 
could be made that glulam roof beams too, take away from the focus on CLT, but their placement is more of 
a comparison for future use of CLT in this application, and since glulam is used much more frequently in this 
respect than CLT, it is only necessary to provide an alternative in case edgewise CLT ends up not being a 
viable option.   
The long-span option is enormously different from the short-span option and so it is in the appendices, as 
while it does show another option, it is unlikely CLT in edgewise bending will span that far being so shallow, 
at least with the current knowledge of edgewise CLT properties.  In the future, as edgewise CLT becomes 
more studied and new innovations are added, this idea should be revisited and reevaluated to see if this option 
can work. 
That being said, this notion might be most resonant in the smaller house concept.  As houses get larger and 
higher EF’s are used for design criteria, more columns will be needed, losing the focus of this research.  
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VI. Larger Size Houses 
A numerical overview of larger house examples to resist EF 3 tornadoes 
Overview 
While the design process was focused on a smaller house, it is the intention of the research to eventually 
accommodate houses across a wide variety of sizes, particularly ones closer to the median household size of 
around 2200 square feet (United States Census Bureau, 2010).  The two larger houses considered are a 1920 
ft2 single-story house (32 ft x 60 ft) and a 2304 ft2 two-story house (24 ft x 48 ft).  For the sake of brevity, only 
a table of results will be given for these house sizes, as much of the formulation is similar and only different 
numbers are used.  The process is nearly the same, save the rocking action calculations, which are addressed 
in the respective sections. 
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CLT Tornado Resistance at 1920 ft2 
The results for the 1920 ft2 house are presented in the table below: 
 
Table 15.  Performance of 1920 ft2 house 
The same process was used for this as with the 16 ft x 40 ft house.  The amount of roof beams was increased 
to accommodate the larger footprint to six, which made the spacing 8.57’.  Five roof beams (10’ spacing) 
could have been done, but the depths of the beams would have increased by around six inches, which in the 
Wall Roof CLT Tapered Glulam Curved Glulam
Capacity 3.76 3.76 339.01 9.27 77.68
Loading 2.69 0.75 22.48 7.09 57.10
Ratio 1.40 5.00 15.08 1.31 1.36
Capacity 271.21 14.09 115.94
Loading 28.79 11.19 78.57







Capacity 6.24 6.24 16.11 16.93 36.53
Loading 1.19 0.35 6.56 6.64 7.14
Ratio 5.25 17.82 2.46 2.55 5.12
Capacity 12.89 13.54 29.22
Loading 10.59 10.49 9.82
Ratio 1.22 1.29 2.98
Capacity 3.78 3.78 19.81
Loading 1.19 0.35 6.56




Allowable 1.60 1.60 1.60
Delfection 0.05 0.09 1.18
Ratio 31.54 17.04 1.36





Depth at ends (in )






Minimum ratio of capacity to demand
Horizontal Shearing (kip )
Tornado
Gravity
Rolling Shearing (kip )
Tornado
Gravity
Deflection (in ) Gravity





case of the CLT beam, would make the house seem cramped or low to the ground.  The connections are given 
in the table below: 
 
Table 16.  Connection values for 1920 ft2 house 
For the rocking action calculations, the idea is to have four 15 ft panels on the long sides and two 16’ panels 
on the short sides.  Note: The body of this research mentioned that panels normally came in increments of 
4’, and while that is still true, this configuration is just an easier concept to understand when explaining this 
concept in the appendices.  Also, in this house configuration, the walls would deform beyond the l/240 limit, 
as the new height of this house is 17’, which is significantly more than the 13’ height for the smaller house 
in the body of the research.  While deflection is not a necessary criterion, this issue might need to be addressed 
if further research on this size house continued. 





















Fasteners (kip /ft )












Hybrid (kip /ft )
200 
 
CLT Tornado Resistance at 2304 ft2 
The results for the 2304 ft2 house are presented in the table below: 
 
Table 17.  Member results from 2304 ft2 house 
For the rocking action calculations, the idea is to have two levels of two 12 ft panels on the short sides and 
three 16 ft panels on the long side.  The connections are given in this table: 
Wall Roof CLT Tapered Glulam Curved Glulam
Capacity 3.76 3.76 217.07 7.53 50.37
Loading 2.24 1.01 17.46 6.11 40.72
Ratio 1.68 3.72 12.44 1.23 1.24
Capacity 173.65 11.14 73.36
Loading 17.94 7.90 48.55







Capacity 6.24 6.24 12.99 15.15 32.87
Loading 0.96 0.42 6.48 6.53 6.79
Ratio 6.53 14.85 2.01 2.32 4.84
Capacity 10.40 12.12 26.30
Loading 8.50 8.44 8.09
Ratio 1.22 1.44 3.25
Capacity 3.78 3.78 15.98
Loading 0.96 0.42 6.48




Allowable 1.20 1.20 1.20
Delfection 0.04 0.07 0.65
Ratio 32.46 17.19 1.84




Deflection (in ) Gravity
Weight (lbs )
Depth at ends (in )
Depth at center (in )






Radial Stress (kip-ft )
Tornado
Horizontal Shearing (kip )
Tornado
Gravity







Table 18.  Connection values for 2304 ft2 house 
As this a two-story concept, this will change the simplification in the wind calculation procedure that q and 
all its variants are the same.  The q variants are given for a two-story house of this shape will be broken into 
qh and qz, which is only relevant when finding the pressures on the walls.   
Another change needed is the design of the panels between the two stories.  Because there is a carrying 
assumption that the structure is rigid, the roof of the bottom floor (ground of the second), will not see tornado 
loads, and only common loads (gravity, etc.), making the design much easier.  It is assumed that the entire 
height of the walls is spanned by one panel (Which is a 24’ long panel on the edges with two stories of 9’ 
and a roof of 6’).  This can make for a long panel, but it will be fastened between the ceiling of the first story 
and the floor of the second floor, meaning deflection will not be as significant of an issue as it was with the 
1920 ft2 house.   





















Fasteners (kip /ft )
Wall to wall
Roof to wall and roof 
beams












VII. Higher EF scales on smaller house 
A numerical overview of faster tornadoes for the smaller house 
EF 4 
Below are the results for the smaller house designed for EF 4: 
 
Table 19.  Member strengths and capacities for EF 4 house 
Wall Roof CLT Tapered Glulam Curved Glulam
Capacity 3.76 3.76 99.93 8.96 35.35
Loading 2.27 1.47 12.90 6.76 28.58
Ratio 1.66 2.55 7.75 1.33 1.24
Capacity 79.95 12.79 50.36
Loading 8.01 5.42 22.47







Capacity 6.24 6.24 8.84 16.63 47.48
Loading 0.86 0.59 7.09 7.09 7.14
Ratio 7.27 10.57 1.25 2.35 6.65
Capacity 7.07 13.31 37.99
Loading 5.69 5.69 5.62
Ratio 1.24 2.34 6.76
Capacity 3.78 3.78 10.86
Loading 0.86 0.59 7.09




Allowable 0.80 0.80 0.80
Delfection 0.02 0.04 0.08
Ratio 33.33 22.54 10.39
1.66 2.55 1.24 1.33 1.24
1973.13 1989.17 1627.35
17.00 7.00 19.99
65.00 55.00 39.88Depth at center (in )
Deflection (in ) Gravity
Weight (lbs )
Depth at ends (in )





Radial Stress (kip-ft )
Tornado
Gravity
Rolling Shearing (kip )










Table 20.  Connection loads for EF 4 house 
Perhaps if one is comparing these closely, they would notice that the CLT beams for EF 3 and EF 4 resistant 
houses are the same size, despite being designed for wind loads 35 mph apart.  Looking at the limit states, 
the EF 3 CLT beam is designed for shearing due to gravity loads, while the EF 4 CLT beam is designed for 
shearing due to tornado loads.  Between EF 3 to EF 4, the gravity loads will not change, but the tornado loads 
will increase significantly, but since the EF 3 beam does well in tornado loading, it has a lot of capacity to 
load ratio to lose.   






































Below are the results for the smaller house designed for EF 5.  Note that EF 5 classifies any tornado above 
200 mph.  ICC and FEMA have formatted their procedures for EF 5 resistant safe-rooms to withstand 250 
mph, and so that is what the results below consider (Federal Emergency Management Agency, 2015): 
 
Table 21.  Member strengths and capacities for EF 5 house 
Wall Roof CLT Tapered Glulam Curved Glulam
Capacity 3.76 3.76 253.58 21.06 63.03
Loading 3.54 2.30 30.12 16.85 49.38
Ratio 1.06 1.63 8.42 1.25 1.28
Capacity 202.87 30.24 91.08
Loading 11.06 7.83 23.03







Capacity 6.24 6.24 15.07 26.43 62.09
Loading 1.34 0.92 12.31 12.36 12.35
Ratio 4.65 6.76 1.22 2.14 5.03
Capacity 12.06 21.15 49.68
Loading 5.80 5.74 5.76
Ratio 2.08 3.68 8.63
Capacity 3.78 3.78 18.53
Loading 1.34 0.92 12.31




Allowable 0.80 0.80 0.80
Delfection 0.01 0.02 0.04
Ratio 69.91 32.39 22.86




Depth at ends (in )
Depth at center (in )
Minimum ratio of capacity to demand
Deflection (in ) Gravity
Weight (lbs )
Condition




Radial Stress (kip-ft )
Tornado
Horizontal Shearing (kip )
Tornado
Gravity







Table 22.  Connection loads for EF 5 house 





































VIII. Future applications 
Potential uses this research could have elsewhere 
Tornadoes elsewhere 
The word “Tornado” comes from Spanish origin of the route word tornar which means to tear (Merriam-
Webster, Inc., 2018).  The word first made appearance during the age of exploration, particularly when the 
Spaniards were making travels to North America.  While the word tornado sparks images of ominous funnels 
rampaging across the American Midwest, the United States is certainly not the only place on the planet that 
sees tornadoes.   
However, “American” the image of tornadoes is, they are not limited to the North American continent (was 
there anything in the factors that made a tornado that were endemic to North America alone?) and in fact 
only two of the top ten deadliest tornadoes worldwide have been recorded inside the United States (Johnson, 
2017).  A list of the worlds’ ten deadliest tornadoes has been compiled in Table 23: 
 
Table 23.  List of top ten deadliest tornadoes.  (The Editors of Encyclopaedia Britannica, 2009), (Grazulis, 
1993) 
Half of them occurred in present day Bangladesh and another two in Mediterranea.  While the Mediterranean 
ones are old and therefore perhaps both not as accurate and potential outliers, the Bangladesh prominence 
should raise aware.  The major factors most likely contributing to this high toll are a very high population 
density (they have the highest of the top 100 most populous nations), and poor infrastructure compared to 
Toll Tornado Location Year
1,300 The Daulatpur–Saturia tornado Manikganj, Bangladesh 1989
695 The Tri-State tornado United States (Missouri–Illinois–Indiana) 1925
681 1973 Dhaka tornado Bangladesh 1973
660 1969 East Pakistan tornado East Pakistan (now Bangladesh) 1969
600 The Valletta, Malta tornado Malta 1551 or 1556
The Sicily Tornadoes Sicily, Two Sicilies (now Italy) 1851
The Narail-Magura tornado Jessore, East Pakistan, Pakistan (now Bangladesh) 1964
The Madaripur-Shibchar tornado Bangladesh 1977
400 The Ivanovo-Yaroslavl tornado Soviet Union (now Russia) 1984




other regions around the world where tornadoes can occur.  While this research is still ahead of the author’s 
native country (the United States), perhaps this research could lay groundwork for developing similar CLT 
homes in other regions of the world.  Currently, CLT use is minimal in Southeast Asia, but that does not 
mean there will not be any in the future.  Over 3600 people died in five tornadoes in Bangladesh alone in the 
last 55 years (keep in mind, Bangladesh has a population of 162 million, or about half of the United States)!  
And there are other areas of the world where tornadoes can occur (even Russia made the list), and as CLT’s 
popularity grows, hopefully its application will as well. 
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Other natural disaster applications 
This research has mainly focused on tornadoes, but perhaps CLT can be used in other situations as well.  Its 
panelized nature allows it to be built quickly and perhaps the greatest application is providing temporary 
(permanent?) structures to help locals recover from a disaster.  For instance, if a Tsunami sweeps through a 
village, CLT homes have the potential to be built much faster than other stronger types of housing, providing 
those affected with a shelter until the area has recovered.   
CLT may also be able to perform better against snow storms, as the panels can resist the snow loads more 
effectively than traditional-light frame housing.  Currently, there is research being done to determine how 
CLT performs in impact scenarios, and if it is shown to perform well enough, CLT may be suitable for 
hurricanes as well as tornadoes.  One disaster CLT might perform well in is earthquakes, as a compromise 
between flexibility and rigidity is highly desired, and CLT is more rigid than traditional-light frame 




IX. Cost Analysis 
A very brief look into a cost analysis between CLT and light-frame residential houses 
Below is a cost-analysis table.  It is a little difficult to consider everything going into the house for a complete 
cost analysis, but since this research is mainly considering the feasibility of changing the current structure 
with CLT, the table below only considers the wood used for the structure.   
 
Table 24.  Cost-Analysis replacing only the structure 
Structure Info
Length (ft ) 40
Width (ft ) 16
Eave height (ft ) 9
Apex height (ft ) 13
Roof hypotenouse (ft ) 9
Traditional Light Frame
Walls
Vertical boards/8 ft  frame 10
Roof
No. of trusses 5
Board off center (in ) 24
Totals
Feet of boarded lumber from the wall (ft ) 1596
Feet of boarded lumber from the roof (ft ) 250
Total feet of boraded lumber (ft ) 1846
Total costs
Cost of boarded lumber/feet ($/ft ) 0.70$             
Total cost of wood ($) 1,292.20$    
CLT
Amounts
Long wall area (ft
2
) 360






Roof beam area (ft
2
) 164








) 5.50$             
Total cost of CLT ($) 10,758.00$ 
Difference
% Increase in CLT 732.53%
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The first objection to this approach might be connections.  It is difficult to ascertain not only how many nails, 
screws, bolts, and other fastening methods will be used for the CLT, but also how many for the traditional-
light-frame structure!  With the widespread use of light-frame architecture across residential dwellings for a 
nation that houses over 300 million people, there is no set way to count the fastening methods.  If I were to 
gather a list, it is quite likely whoever reads this would find an “error” as that is not how they have seen it 
done.  In addition, for the connections section of this research, I did not choose connections individually as 
there was too much variation and possibilities of needed connections not existing.   
Another one might be the façade.  CLT façades come in a wide variety of options, so it is difficult to put a 
price label on them.  In addition, this research might require a specialized façade that might not even exist 
yet!  While the focus was on developing the skeleton of the house, a better façade could add resistance 
(aerodynamic form, increased dead load).  In addition, there are a plethora of residential façades for light-
frame houses, and finding their cost is also a matter of difficulty.   
This assumes all inside MEP and finishes, windows, internal walls, etc.  will remain the same.  So, while all 
of this points towards the CLT house being more expensive, perhaps the biggest push for CLT in North 
America is its labor costs.  CLT can be built in a fraction of the time and with less error, meaning an entire 
house, if not several, can be built in less than a day with a small crew.  However, CLT construction will 





A theoretical fragility curve for CLT residential housing in tornadoes 
Loss-curves were developed to help better understand the risk associated with certain structures.  They are 
created from fragility curves, data compiled from lots of data of like-structures and fitting them to a CDF 
curve that compares the design criteria (in this instance, wind speed), and the probability of failure.  As 
mentioned in the introduction, there is not really a way to test this house design, particularly not within the 
confines of the two years this research takes place over.  As such, perhaps the best way to create a fragility 
curve is to take an already predefined loss-curve for traditional light-frame house and shift the focus wind 
speed.   
Following the deadly tornadoes in Joplin, Missouri in 2011, research was conducted that investigated creating 
a fragility curve for light-frame wooden residential structures.  While there was not a particular size specified, 
this is the closest literature found for the comparison purposes we are looking for (Roueche, Lombardo, & 
Prevatt, 2017).  They give several different Degree of Damage (similar to Hazus’ Damage States for 
hurricanes) states as shown by Table 25.  Degree of Damage: 
 
Table 25.  Degree of Damage (Roueche, Lombardo, & Prevatt, 2017) 
For this research, we will be looking at DOD 6, as that and DOD 5 are the earliest forms of structural failure, 
which is what we are trying to avoid.  DOD 5 could be used, but elsewhere it is mentioned that only four 
structures were succumbed to DOD 5, while 227 were in DOD 6, making the analysis for DOD 6 a likely 
more accurate curve.  Using the μ and σ they gave (4.01 and .210 respectively), we come up with Figure 93 
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which looks identical to the fragility curve for DOD 6 they came up with, ensuring that we have the right 
formulation. 
 
Figure 93.  Fragility curve for wooden structures (Roueche, Lombardo, & Prevatt, 2017) 
Note that the research was done in metric units, and this research is in Imperial units, hence why there are 
two different curves.   
In the introduction of that research, it is mentioned that the structures were typically designed for 115 mph 
winds (Roueche, Lombardo, & Prevatt, 2017).  Since we are designing for 165 mph, we can now shift the 
fragility curve over to get the theoretical fragility curve for CLT residential structures in tornadoes.  Figure 





Figure 94.  Fragility curves for light-frame and CLT 
At 115 mph, less than 1% of the CLT structures are supposed to have failed while over 35% of the light-
frame structures have failed.  At 165 mph just over 35% of the CLT structures have failed, while over 90% 
of the light-frame structures have failed.  This is a drastic difference in the two structures.  Keep in mind in 
Appendix VI, parameters were given for CLT structures to be designed for 200 mph and upward.   
The new μ and σ for this curve are 5.157 and .151 respectively using a curve fit.  Note that using a curve fit 
will alter the parameters perhaps more than expected, due to the parameters being found directly.  Using this 
theoretical fragility curve and frequency of tornado data for a given location, a community can better 
determine whether there is a cost benefit long-term for investing in CLT residential structures over light-
frame.  Of course, this cost-benefit would be in addition to the benefit a community would receive by losing 
fewer lives to tornadoes as they reside safely in their CLT home. 
